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Abstract
Rising CO2 may warm northern latitudes up to 10 °C by the end of the century. However,
responses of plant physiological processes (such as photosynthesis and respiration) and
growth to climate change remain uncertain. Seedlings and mature trees of tamarack (a
deciduous species) and black spruce (an evergreen species), North America dominant
conifers, were exposed to combined warming (up to +9 ˚C) and elevated CO2 (up to +300
ppm). In seedlings, stomatal conductance (gs) tended to increase with warming in tamarack
seedlings, while gs declined with warming in spruce. In both species, CO2 had weak effect on
gs. Photosynthetic capacity (maximum rates of Rubisco carboxylation, Vcmax and of electron
transport, Jmax) was reduced in warm-grown seedlings, while it was not affected by high CO2.
As a result, photosynthetic rates (A) remained constant in tamarack while they declined in
warm-grown spruce seedlings. In mature trees, there was a slight increase in gs with warming
in tamarack, while it decreased in spruce. However, gs was not affected by growth CO2 in
both species. A was slightly stimulated by warming in mature tamarack, but similar across
warming in spruce trees. A was also increased by elevated CO2 in tamarack but not spruce
trees, a result that correlated with strong CO2-induced reductions in Vcmax and Jmax in spruce.
In both seedlings and mature trees, the temperature sensitivity parameters of Vcmax and Jmax
responded strongly to warming, with few CO2 effects. Similarly, thermal optimum of A
(ToptA) increased with warming with little CO2 effect. Therefore, ToptA was largely correlated
with temperature sensitivity parameters of Vcmax and Jmax. In seedlings, leaf respiration (Rd)
measured at a common temperature decreased with warming. In contrast, in mature trees, Rd
was constant across warming treatments. Differential responses of these physiological
processes to the treatments resulted in different growth between species. In seedlings,
moderate warming increased biomass in tamarack, while warming reduced biomass in
spruce. However, in mature tamarack, growth was not affected by warming while it
decreased in mature spruce. Overall, my findings largely suggest that warming-induced
productivity expected in higher latitudes in future climates may be species-dependent.
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Summary for Lay Audience
Recent human activities have increased atmospheric CO2 concentrations and global
temperatures, with further increases predicted. Plants play a significant role in the global
carbon cycle by fixing CO2 through photosynthesis and releasing it back to the atmosphere
via respiration. Photosynthesis and respiration are strongly affected by temperature, both via
short-term responses (minutes to hours) and longer-term acclimation (weeks to years). Boreal
forests store ~ 32 % of the total carbon found in forests; however, our knowledge about the
acclimation of photosynthesis and respiration to temperature, and to combined increases in
CO2 and temperature, is relatively poor, particularly in boreal trees. This lack of
understanding hinders our ability to predict whether this biome will accelerate or exacerbate
global warming through climate-vegetation feedbacks. For my doctorate, I investigated how
photosynthesis and respiration, and their subsequent effects on plant growth, responded to
combined warming (up to +9 ˚C above the ambient) and elevated CO2 (up to +300 ppm
above the ambient) in both seedlings and mature trees of tamarack (a deciduous species) and
black spruce (an evergreen species), which are two North American dominant conifers. In
both seedlings and mature trees, tamarack and black spruce differed in their responses to the
treatments. In tamarack seedlings, moderate warming (+4 ˚C above the ambient) stimulated
both plant carbon gain and growth, but it reduced both carbon gain and growth in spruce
seedlings. Extreme warming (+8 ˚C) reduced both carbon gain and growth in both species.
Elevated CO2 stimulated both carbon gain and growth only in spruce seedlings. In mature
trees, carbon uptake slightly increased in tamarack, while it was similar in spruce across
warming treatments. Leaf carbon losses were increased by warming in both species. In
mature trees, elevated CO2 stimulated carbon uptake in tamarack, but not in spruce trees. In
addition, in mature tamarack, growth was not affected by warming while it decreased in
mature spruce. My doctoral work thus highlights that the temperature- and CO2-sensitivity of
boreal conifers differ between species, perhaps reflecting the deciduous and evergreen leaf
strategies of tamarack and black spruce.
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Chapter 1

1

Introduction

1.1 Climate change
Since the Industrial Revolution, atmospheric CO2 concentrations have risen from 280
ppm to over 410 ppm (Ciais et al., 2013), a 45% increase. These higher CO2
concentrations, along with increasing concentrations of other greenhouse gases (e.g.,
CH4, N2O, NOx), have led to a 0.8 ˚C rise in mean annual global temperatures since 1900
(Stocker et al., 2013). It is predicted that global mean air temperature will rise an
additional 1 – 3.7 ˚C as result of rising atmospheric CO2 (projected to be between 550
and 1000 ppm) by the end of the century (Ciais et al., 2013). However, warming will
differ across the globe, and will be more severe in higher latitudes compared to lower
ones: latitudes above 45 ˚ could experience a warming between 5 – 10 ˚C, while tropical
and subtropical regions could warm between 3 – 4 ˚C by the year 2100 (Stocker et al.,
2013).

1.2 Importance of leaf carbon metabolism for climate
change
Photosynthesis in terrestrial vegetation absorbs ~123 Gt carbon from the atmosphere
annually, and ~60 Gt of that carbon is released back to the atmosphere through
autotrophic respiration. Because anthropogenic emissions release ~10.3 Gt carbon per
year, terrestrial plants are able to offset the potential increase in atmospheric CO2 by
~30% (Le Quéré et al., 2018). However, because terrestrial fluxes of carbon are much
larger than anthropogenic emissions, alterations in vegetation carbon fluxes could either
mitigate or exacerbate climate change (Smith & Dukes, 2013; Dusenge et al., 2019).
However, the direction and the magnitude of these fluxes in future climates are highly
uncertain (Dusenge et al. 2019).
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1.3 Leaf carbon metabolism: photosynthesis and
respiration
1.3.1

Photosynthesis

There are three major types of photosynthesis C3, C4 and CAM (Crassulacean Acid
Metabolism) (Taiz and Zieger 2002). For the scope of my thesis, I will focus on C3
photosynthesis. Within the leaf, photosynthesis is performed by mesophyll cells. Inside
the mesophyll cells are chloroplasts - organelles that contain specialized pigments that
absorb light, and enzymes that reduce CO2 into high-energy sugars. Inside the
chloroplast, photosynthetic reactions occur in two stages: the first consists of what is
commonly known as the ‘light reactions’ or thylakoid reactions, which take place in the
thylakoid membranes, and the second consists of the ‘dark reactions’ or carbon fixation
reactions, which take place in the stroma, an aqueous region inside the chloroplasts
surrounding the thylakoids.

1.3.1.1

Thylakoid reactions

Thylakoid reactions take place in the thylakoid membranes (Figure 1.1). Within these
membranes, there are two reaction centers: Photosystem I (PSI, P700) and Photosystem II
(PSII, P680), and their associated antenna-pigment protein complexes. Thylakoid
reactions start with the absorption of a photon by the PSII (P680) reaction center
chlorophyll. As a result, this specialized chlorophyll shifts from a ground-state to an
excited-state. In the excited-state, P680 is unstable and loses an electron to a close-by
electron accepter, pheophytin. The electron is transferred through the photosynthetic
electron transport chain, composed of plastoquinone, the cytochrome b6f complex,
plastocyanin, and the PSI (P700) reaction center, to the final electron accepter, NADP+.
At the PSI reaction center, a second photon is absorbed, and PSI reduces NADP+ to
NADPH in the stroma, via the action of ferredoxin and the flavoprotein ferredoxin
NADP-reductase. After the transfer of an electron from PSII to pheophytin, the PSII
reaction center becomes electron deficient. PSII oxidises water and receives an electron
from it, in the process releasing a proton into the lumen – the interior compartment of the
thylakoid. The accumulation of these protons both from water and from protons

3

transported from the stroma to the lumen via the action of the cytochrome b6f complex,
creates an electrochemical proton gradient. In order to establish equilibrium between the
lumen and the stroma, the protons have to diffuse through ATP synthase, which drives
ATP (adenosine triphosphate) synthesis in the stroma from ADP (adenosine diphosphate)
and inorganic phosphorus. Therefore, the electron transport reactions create two
compounds, NADPH and ATP, that will fuel the carbon fixation reactions in the stroma
(Taiz and Zieger 2002).

Figure 1.1: Overview of the thylakoid membrane reactions. The top of the diagram
represents the stroma of the chloroplast, while the bottom side is the lumen of the
thylakoid. Colors represent: blue = electron transferred along the photosynthetic
electron chain; yellow = NADP+ and ADP, orange = NADPH and ATP; red bar =
electrochemical potential gradient between the lumen and the stroma; red letter =
protons. Lines represent: solid blue lines = proton transfer between the lumen and
stroma; dashed blue lines = electron transfer, black lines = reactions occurring; and
yellow lines = sunlight. Abbreviations represent: ATP = adenosine triphosphate;
ADP = adenosine diphosphate, e- = electron, NADPH = nicotinamide adenine
dinucleotide phosphate; NADP+ = oxidized nicotinamide adenine dinucleotide
phosphate, Phe = pheophytin, pq = plastoquinone, pc = plastocyanin, Fd =
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ferredoxin, FNR = flavoprotein ferredoxin-NADP reductase, H+ = a proton, PSI =
photosystem I, PSII = photosystem II. Modified from Taiz and Zeiger (2002).

1.3.1.2

Calvin cycle

CO2 is reduced through a series of reactions in the stroma known as the Calvin cycle
(Figure 1.2). These reactions start with CO2 fixation by the enzyme Ribulose-1,5biphosphate carboxylase/oxygenase (hereafter Rubisco, the single most abundant enzyme
on earth; Raven, 2013) to Ribulose 1,5-bisphosphate (hereafter RuBP). 3phosphoglycerate, a 3-carbon compound (for which the name of C3 photosynthetic
pathway is derived), is formed from CO2 fixation. This 3-carbon compound is then
reduced to 1,3-bisphosphoglycerate, using 6 ATP produced from the light reactions in the
thylakoid membranes, a reaction catalyzed by phosphoglycerate kinase. The next reaction
uses 6 NADPH from the light reactions to convert 1,3-bisphosphoglycerate to triose
phosphate, and this reaction is catalyzed by glyceraldehyde 3-phosphate dehydrogenase.
Part of the triose phosphate pool is then exported to the cytosol where a series of
enzymatic reactions convert it into sugars (sucrose and starch). During this transport
through the chloroplastic membrane, triose phosphate is exchanged for inorganic
phosphate, a process mostly regulated by the concentration gradient of inorganic
phosphate (Pi) between the cytosol and the stroma. The remaining triose phosphate in the
stroma is used to regenerate RuBP in the Calvin cycle (Taiz and Zieger 2002).
Rubisco can also oxygenate RuBP in a process known as photorespiration. Because
Rubisco is a dual function enzyme, it can react with both CO2 and O2, with the relative
rates of photosynthesis and photorespiration depending on temperature (where high
temperatures favor photorespiration) and the CO2 to O2 ratio (with higher CO2
concentrations favoring photosynthesis). Briefly, unlike the Calvin cycle, the
photorespiratory cycle takes place in three different organelles: chloroplasts,
mitochondria and peroxisomes. The photorespiratory cycle consumes ATP and releases
the previously fixed CO2, and was thus, for some time, considered a wasteful process.
However, it has been recently shown to be useful for plants during stress (e.g., high light
and temperature) when the capacity of the Calvin cycle to consume ATP and NADPH is
suppressed. These stressful conditions create an imbalance between photosynthetic
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electron transport rates and the utilization of its products (ATP and NADPH) by the
Calvin cycle which may cause photoinhibition and production of reactive oxygen species
(Wingler et al., 2000). Photorespiration is also important for plant nitrogen cycling where
it produces ammonium (Rachmilevitch et al., 2004).

Figure 1.2: Overview of CO2 fixation in the Calvin cycle. Colors: light green =
‘major’ steps of the Calvin cycle; yellow = NADP+ and ADP; orange = NADPH and
ATP; blue = direction of the Calvin cycle; light orange = inorganic phosphate (Pi).
Black lines represent reactions using ATP and NADPH produced by thylakoid
reactions. The abbreviations are the same as those provided in the caption of Figure
1.1. Modified from Taiz and Zeiger (2002).

1.3.2

Respiration

Respiratory metabolism uses glucose produced from photosynthesis to generate energy
for plant tissue maintenance and growth (O’Leary et al., 2019). However, in contrast to
photosynthetic metabolism, which takes place in one organelle, plant respiration consists
of a set of interconnected biochemical pathways (glycolysis, the pentose phosphate
pathway, the citric acid cycle (also commonly known as ‘the Krebs’ cycle’) and
mitochondrial inner membrane electron transport) that take place in different organelles
(Figure 1.3). Glycolysis involves a series of enzymatic reactions that occur in both the
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cytosol and plastid, the pentose phosphate pathway also occurs in both the cytosol and
plastid, the citric acid cycle takes place only in the mitochondrial internal aqueous
compartment, and the respiratory electron transport chain occurs in the inner
mitochondrial membranes. Respiratory metabolism produces ATP and NADPH, and
releases CO2 as a by-product. Respiration occurs in both the light and the dark, and it is
thought that light suppresses respiration by ~30% (Sharp et al., 1984). However, the
exact effect of light on mitochondrial respiration is difficult to assess in leaves and is a
matter of current debate (Tcherkez et al., 2017).

Figure 1.3: Overview of leaf respiration. One-way arrows represent non-reversible
reactions, two-ways arrows represent reversible reactions. Colors: blue = pentose
phosphate pathway; light gray = plastid; dark gray = cytosol; light orange =
glycolysis; dark orange = compounds produced (NADPH, ATP, NADH and
FADH2); pink = mitochondrion; green = major sugars of respiratory cycle.
Modified from Taiz and Zeiger (2002).
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1.3.3

C3 photosynthesis model

In C3 plant species, the Farquhar, von Caemmerer and Berry (1980) model (hereafter
FvCB model) has been a cornerstone in improving our understanding of the biochemical
mechanisms underlying photosynthesis (Figure 1.4, von Caemmerer, 2000). The FvCB
model is also incorporated in almost all Earth System Models used to predict responses
and feedbacks between the biosphere and the atmosphere in current and future climates
(Rogers et al., 2017a). This model assumes photosynthesis to be limited, at any point in
time, by one of three biochemical processes (Figure 1.4; Farquhar et al., 2001;
Lombardozzi et al., 2018): the maximum rate of Rubisco carboxylation, the maximum
rate of electron transport to regenerate RuBP, and the triose phosphate use to regenerate
inorganic phosphate from sucrose synthesis in the cytosol.
The maximum carboxylation rate of Rubisco (Vcmax) can be derived from Rubisco
carboxylation- limited photosynthesis, Ac:
V"%&' (C* − Γ ∗ )
A" =
− R9
O
/C* + K " 21 + 67
K5

[Equation 1.1]

where Vcmax is the maximum rate of Rubisco carboxylation, Ci and O are the intercellular
concentrations of CO2 and O2, respectively, Kc and Ko are the Michaelis-Menten
coefficients of Rubisco for CO2 and O2, respectively, G* is the CO2 compensation point
in the absence of mitochondrial respiration, and Rl is mitochondrial respiration in the
light.
The maximum rate of electron transport rate for RuBP regeneration can be estimated
from RuBP regeneration-limited photosynthesis, Aj:
(C* − Γ ∗ )
J
AF = G J ×
− R9
(C* + 2Γ ∗ )
4

[Equation 1.2]

where J is the rate of electron transport. Jmax is then calculated by:
θJ N − (αQ + J%&' )J + αQJ%&' = 0

[Equation 1.3]

8

where Jmax is the potential rate of electron transport, q is the curvature of the light
response curve and a is the quantum yield of electron transport. The values of q and a
are fixed at 0.9 and 0.3 mol electrons mol-1 photon (Medlyn et al., 2002). Q is the
photosynthetic photon flux density.
Lastly, the triose phosphate use, TPU, limitation is estimated TPU-limited
photosynthesis, Ap: (von Caemmerer, 2000):
AS = 3TPU − R 9

[Equation 1.4]

where TPU is triose phosphate use.
Net photosynthetic rate is then the minimum of the three limitations such that:
A = minXA" , AF , AS Z.

[Equation 1.5]

Ac limitations usually occur at low intercellular CO2 concentrations, while Aj limits
photosynthesis at higher CO2 levels (von Caemmerer, 2000). Ap occurs either at very
high CO2, high irradiance, or low leaf temperatures (von Caemmerer, 2000; Sage &
Kubien, 2007). However, Ap is rarely observed in many studies, and is thus ignored in
many Earth System Models, in contrast to Vcmax and Jmax, which are important
parameters in these large-scale models (Lombardozzi et al., 2018).

A/ci curve
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Figure 1.4: Figure representing the response of net photosynthesis (A) to changes in
intercellular CO2 (Ci) using the photosynthetic limitations proposed by the
Farquhar, von Caemmerer and Berry model (1980). Aobs: observed net CO2
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assimilation rates; Ac: Rubisco-limited rate of net CO2 assimilation; Aj: RuBP
regeneration-limited rate of net CO2 assimilation; Ap: triose phosphate use-limited
rate of net CO2 assimilation. Colors: blue = observations of A from gas exchange
measurements; red = Rubisco-limited curve; green = RuBP regeneration-limited
curve; yellow = triose phosphate use-limited curve; dashed red = minimum value of
the three limitations, representing the realised A.

1.4

Effects of rising temperature on photosynthesis

Short-term increases in temperature affect photosynthesis both through biophysical
and/or biochemical processes (Lin et al., 2012; Dusenge et al., 2019). With regard to the
biophysical processes, increasing temperature is accompanied by increased vapor
pressure deficit (VPD), which is the driving force for transpiration (Lin et al. 2012). As a
result, many species respond to increased VPD by reducing their stomatal conductance
(Monteith, 1995; Oren et al., 1999), thereby constraining CO2 diffusion for
carboxylation. However, there are also species that open their stomata with a strong rise
in VPD to initiate transpirational cooling, offsetting the negative effects of higher leaf
temperatures (Marchin et al., 2016); this response might also enhance carbon assimilation
(Wu et al., 2018). In contrast, mesophyll conductance (i.e conductance of CO2 from air
spaces in the mesophyll cells to the site of carboxylation in the chloroplast) increases
with rising temperature (von Caemmerer & Evans, 2015), positively affecting carbon
assimilation. Lastly, increases in temperature increase membrane fluidity, which may
cause proton leakage across the thylakoid membranes and thus reduce the efficiency of
electron transport at higher leaf temperatures (Sage & Kubien, 2007).
With regard to the biochemical processes, many photosynthetic reactions are regulated by
enzymes, and increasing temperatures stimulate enzyme activity rates up to a thermal
optimum at which the enzymes start to denature (Arcus et al., 2016). Thus, the maximum
Rubisco carboxylation and electron transport rates increase to a thermal optimum, above
which photosynthetic performance starts to decline (Medlyn et al., 2002a; Smith &
Dukes, 2017).
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The temperature dependencies of Vcmax and Jmax are usually modeled using a peaked
Arrhenius equation: (Medlyn et al., 2002a):
Hb exp f
f(T] ) = k _S`

E& XT] − T_S` Z
T] RT_S` g

Hb XT] − T_S` Z
Hb − E& h1 − exp f T RT
gi
]
_S`

[Equation 1.6]

where kopt is the process rate (i.e. Vcmax or Jmax; µmol m-2 s-1) at the optimum temperature,
Hd (kJ mol-1) is the deactivation energy term that describes the decline in enzyme
activity at higher temperature as a result of denaturation of enzymes, Ea (kJ mol-1) is the
activation energy term that describes the exponential increase in enzyme activity with the
increase in temperature, R is the universal gas constant (8.314 J mol-1 K-1), and Topt and
Tk are the optimum and given (i.e. for kTk) temperatures of the process rate. The value of
Hd is usually fixed at 200 kJ mol-1 to avoid overparameterization of the model (Medlyn et
al., 2002a; Kattge & Knorr, 2007).
High leaf temperatures can reduce photosynthesis for a number of reasons. As mentioned
above, Rubisco catalyzes both carboxylation and oxygenation reactions, and the
specificity of Rubisco for CO2 relative to O2 decreases with rising temperature, thus
promoting photorespiration (von Caemmerer, 2000). Additionally, the solubility of O2
decreases less rapidly than that of CO2 as temperature increases, thus increasing the
chance of an oxygenation reaction at higher leaf temperatures (Jordan & Ogren, 1984;
Galmés et al., 2016). Moreover, the activity of Rubisco activase, a chaperone protein that
maintains Rubisco in the active state, decreases at higher leaf temperatures (Sage et al.,
2008). In addition to the direct effect of temperature on Rubisco activase, high
temperatures can also decrease the activity of Rubisco activase via reduced ATP, due to
temperature effects on membrane fluidity, as ATP is needed for Rubisco activase
function (Sage et al., 2008). Lastly, respiration increases exponentially with increases in
leaf temperatures up to a species- and growth condition-dependent maximum
temperatures of 45 to 60 ˚C (Figure 1.5; Tjoelker et al., 2001; Heskel et al., 2014;
Weerasinghe et al., 2014; Gauthier et al., 2014). The thermal optimum of net
photosynthesis (ToptA) is regulated by the temperature dependence of all of these
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biophysical and biochemical processes (Lin et al., 2012), and therefore varies with CO2
concentration and the degree to which plants can maintain photosynthetic functions at
high temperatures.
The response of net photosynthesis (A) to short-term changes in leaf temperature
(seconds to minutes) varies with growth temperature, in a process known as acclimation.
Thermal acclimation of A depends on the acclimation of its individual components (i.e.
biophysical, biochemical and respiratory regulations) to elevated temperature (Mercado
et al., 2018), and usually leads to an increase in the thermal optimum of A (ToptA) (Figure
1.5; Berry & Bjorkman, 1980; Yamori et al., 2014). The adjustment of stomatal
conductance to warmer growth temperatures is unclear. Some studies found that stomatal
conductance declines in response to warming (Lamba et al., 2018), while others find the
opposite (Marchin et al., 2016; Wu et al., 2018). These differences may be driven
species-specific differences in vessels anatomy (Bush et al. 2008) and/or soil water
availability in different experiments. In contrast, meta-analyses have consistently shown
that photosynthetic capacity (i.e. Vcmax and Jmax) is largely not altered by warming (Kattge
& Knorr, 2007; Way & Oren, 2010; Kumarathunge et al., 2019). However, studies on the
extent to which changes in mitochondrial respiration in the light alter the thermal
acclimation of net photosynthesis are rare. Although it is commonly seen that ToptA shifts
to higher temperatures in trees acclimated to elevated growth temperatures, the
mechanisms driving this shift are rarely reported (Mercado et al., 2018). Some species do
not necessarily shift their ToptA in warmer growth conditions, but still maintain or
improve their A in the new, warmer conditions (Way & Yamori, 2014). In other species,
especially evergreens, acclimation to higher growth temperatures results in reduced A
(Way & Yamori, 2014; Dusenge et al., 2019), suggesting that trees are not all able to
fully compensate for the negative effect of a warmer environment. Our knowledge on
photosynthetic thermal acclimation is dominated by data from temperate species and
from studies on seedlings and saplings. Therefore, studies on boreal forest species are
still needed, preferably using larger trees grown under realistic ecological conditions
(Lombardozzi et al., 2015; Mercado et al., 2018).
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Figure 1.5: Conceptual figure of thermal acclimation of net photosynthesis (A).
Arrows represent the shifts of A measured at growth temperature (Ag) (black
arrow) and the thermal optimum of A (ToptA) (grey arrow) to an increase in growth
temperatures. Colored lines: blue = cool-grown plant; red = warm-grown plant;
light orange dots = ToptA.; black dots = Ag. Dashed vertical lines indicate respective
growth temperatures. Modified from Way and Yamori (2014).

1.5

Effects of rising CO2 on photosynthesis

Increasing CO2 concentrations stimulate photosynthesis, because CO2 is the substrate for
Rubisco (von Caemmerer, 2000). However, increasing CO2 does not increase
photosynthesis linearly, because once Rubisco-limitations are alleviated, RuBP
regeneration-limitations start, and then follows triose phosphate limitation at even higher
CO2 concentrations (Figure 1.4). Because both RuBP-regeneration and triose phosphate
use are less sensitive to CO2 than Rubisco limitations, A increases more sharply at low Ci
than at higher CO2 concentrations as CO2 concentrations rise (Farquhar et al., 1980;
Sharkey et al., 2007).
Plants growing under elevated CO2 accumulate sugars in their leaves, because high
photosynthetic rates outpace carbohydrate use, and these high sugar concentrations
trigger a response that decreases the transcription of Rubisco, resulting in reduced
Rubisco concentrations (Moore et al., 1999). Elevated CO2-grown plants therefore
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usually have a reduced photosynthetic capacity (Vcmax and Jmax) compared with plants
grown under ambient CO2 (Medlyn et al., 1999). Furthermore, trees exposed to elevated
CO2 usually have reduced stomatal conductance (Medlyn et al., 2001; Ainsworth &
Long, 2005). Despite these reductions in Vcmax, Jmax, and gs, plants grown and measured
at high CO2 usually exhibit stimulated A compared to plants grown and measured at
ambient CO2 (Ainsworth & Long, 2005). Nevertheless, this stimulation was not uniform
across plant functional types, with trees showing the highest stimulation in A (+47 %)
and forbs showing a weak response (+ 15 %) (Ainsworth & Rogers, 2007). However,
field-based CO2 experiments have primarily focused on temperate species (Norby et al.,
2016), and the responses of these temperate plants may not be representative of those in
higher latitude ecosystems.

1.6

Effects of rising temperature on respiration

Respiration usually acclimates to elevated growth temperature to a similar extent among
different species (Slot & Kitajima, 2015). Acclimation happens when, at a common leaf
temperature, respiration is lower in warm-grown trees compared to control plants (Figure
1.6; Atkin & Tjoelker, 2003). Acclimation also can happen when the Q10 (the increase in
respiration for a 10 ˚C increase in leaf temperature) is reduced in warm-grown plants.
Unlike photosynthesis, the biochemical mechanisms leading to such changes in
respiration at elevated temperatures are not well known (Dusenge et al., 2019). However,
there are common features that are often associated with a reduction of respiration in
warm-grown plants: a reduction in leaf nitrogen (Tjoelker et al., 1999b; Crous et al.,
2017a), a reduction in mitochondrial density (Armstrong et al., 2006), or substrate
limitation and adenylate control under warmer growth temperatures (Atkin & Tjoelker,
2003).
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Figure 1.6: Conceptual figures of thermal acclimation of leaf respiration. a)
Acclimation that only reduces basal rates of respiration; b) acclimation that reduces
the temperature sensitivity of respiration (i.e. Q10). Colors: blue = cool-grown
plants; red = warm-grown plants. Black dots indicate respiration measured at the
respective growth temperatures (Rdg), and white dots measured show respiration at
a common temperature of 25 ˚C (Rd25). Dashed vertical lines indicate the respective
growth temperature. Modified from Atkin and Tjoelker (2003).

1.7

Effects of rising CO2 on respiration

There is still no consensus regarding the effect of elevated CO2 on plant respiration (Way
et al., 2015). Short-term increases in CO2 do not change respiration rates (Amthor, 2000).
However, there is considerable variability in the response of leaf respiration to long-term
exposure to elevated CO2: studies show that respiration increased (Wang et al., 2001),
decreased (Curtis, 1996), or did not change (Kroner & Way, 2016) compared to control
plants. Studies that found reduced respiration under elevated growth CO2 imply the
decrease to be caused by a reduction in leaf N that is associated with photosynthetic
acclimation to elevated CO2 (Cotrufo et al., 1998; Ainsworth et al., 2004). In cases where
respiration increases, they are often associated with increased carbohydrate levels under
elevated CO2 concentrations, providing additional substrate for respiratory machinery
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(Tjoelker et al., 2009) or increases in leaf mass per unit area in elevated CO2-grown
plants (Aspinwall et al., 2017).

1.8

Boreal forests

Boreal forests, which cover a third of the world’s forested land area (FAO, 2015), play a
significant role in the global carbon cycle, with an estimated carbon sink of 32% of the
global carbon stored in forests, the remainder being stored in tropical (55 %) and
temperate (14 %) (Pan et al., 2011). A substantial amount of this carbon is stored in soils
(~ 60%), with another 20% stored in biomass. The productivity of the boreal forest is
quite low due to cold temperatures and a short-growing season, the large extent of
permafrost, low decomposition rates and low soil fertility (Kurz et al., 2013; Högberg et
al., 2017). However, net carbon uptake of these forests is still significant and is
estimated to be 0.4 to 1 Gt of carbon annually (Houghton, 2007). Despite their broad
spatial extent and important role in global carbon cycling, boreal forests have relatively
low tree biodiversity and are dominated by conifers (Gauthier et al., 2015). For example,
in Canada, five tree species represent 73% of the boreal forested area (Girardin et al.,
2016a), suggesting that any negative impact of climate change on even just a few of
these tree species could dramatically alter this biome.

1.9

Effect of warming on boreal forest productivity

The climate in boreal forests is relatively cold, with short, cool summers and long, cold
winters (Price et al., 2013). Boreal forest productivity is therefore often assumed to be
temperature-limited, and moderate warming is predicted to stimulate boreal productivity
(Way & Oren, 2010; Price et al., 2013; Stinziano & Way, 2014; Huang et al., 2019).
Major potential drivers of warming-induced productivity in boreal forests include: (i) an
extended growing season (i.e., warmer early springs and late autumn); (ii) increased soil
fertility driven by warming-induced stimulation of soil microbial activity; and (iii)
increased net CO2 uptake through photosynthesis. The impact of warming on the length
of the growing season and tree phenology (Hall et al., 2009; Barichivich et al., 2013;
Wallin et al., 2013; Richardson et al., 2018), as well as its interaction with photoperiod
(Way & Montgomery, 2015; Stinziano et al., 2015; Hamilton et al., 2016; Stinziano &
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Way, 2017) have been extensively studied in boreal trees over the past few decades. Soil
warming experiments in naturally growing forests show that nitrogen mineralization and
availability increased with warming (Lükewille & Wright, 1997; Breemen et al., 1998;
Verburg et al., 1999). Furthermore, these long-term soil warming studies reported
increased stem volume (Strömgren & Linder, 2002) and increased shoot length (Bronson
et al., 2009) of trees in the warmer plots. At the leaf level, past studies showed that leaf
respiration in boreal species readily acclimates to warming (Zhang et al., 2015b; Kroner
& Way, 2016; Reich et al., 2016; Wei et al., 2017; Benomar et al., 2018; Kurepin et al.,
2018). For example in a study across 11 tree species growing in a boreal-temperate
ecotone in North America, Reich et al. (2016) showed that respiration measured at the
high growth temperature was stimulated by only 5% in thermally acclimated leaves, but
rose 23% in their non-acclimated counterparts. Thus, thermal acclimation of leaf
respiration will dampen the positive feedback of respiratory CO2 losses to warming
(Reich et al., 2016). Photosynthetic responses to warming are variable across boreal
species, showing positive (Wallin et al., 2013), negative (Reich et al., 2015; Benomar et
al., 2018), and non-significant (Tjoelker et al., 1998) responses. However, the
physiological mechanisms underlying these contrasting responses are not well elucidated.

1.10

CO2 fertilization in boreal forests

Because CO2 is the main substrate for photosynthesis, it has been suggested that forest
carbon uptake will be enhanced in elevated CO2, an effect commonly known as ‘CO2
fertilization’. Using FACE (Free Air CO2 Enrichment) infrastructure, elevated CO2
stimulated net primary productivity across temperate tree species by 23 % (Norby et al.,
2005). However, some studies of boreal species growing in their natural habitat have not
reported such a CO2 fertilization effect (Sigurdsson et al., 2013; Girardin et al., 2016a),
while others did (Geoff Wang et al., 2006; Cole et al., 2009). The lack of CO2
fertilization in northern forests has been attributed to other important factors such as low
soil fertility (Sigurdsson et al., 2013) and moisture (Cole et al., 2009; Girardin et al.,
2016a). When water and nutrient are not limiting, elevated CO2 can stimulate net carbon
uptake in boreal species (Tjoelker et al., 1998; Sigurdsson et al., 2013).
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1.11 Leaf habit strategies in boreal forests: Evergreen
and deciduous
Boreal forests are characterized by large seasonal changes with distinct air temperature,
precipitation and photoperiod profiles (Brandt, 2009). In these high latitudinal forests,
two major leaf strategies have evolved to cope with these seasonal patterns: evergreen
and deciduous. Evergreen species retain their foliage throughout the year, while
deciduous trees shed their leaves before winter and develop new foliage in the spring
(Givnish, 2002). Evergreen conifers dominate boreal forests, and larches (genus Larix)
are the dominant deciduous conifer, sharing a similar habitat with evergreen conifers,
such as spruce and pine species (Gower & Richards, 1990; Brandt, 2009; Gauthier et al.,
2015). Boreal forests also harbor deciduous broad-leaved species in both pure stands or
mixed with conifers (Brandt, 2009). Species belonging to these functional groups exhibit
contrasting strategies that allow them both to gain sufficient carbon over the lifespan of a
leaf. Evergreen leaves usually have a low photosynthetic rate, slow growth, allocate more
resources (e.g. nutrients) to structure (e.g. have tough leaves) and live longer. Deciduous
leaves usually have high photosynthetic rates, fast growth, invest more resources in
metabolism and have a shorter life span (Gower & Richards, 1990; Miyazawa &
Terashima, 2001; Wright et al., 2004; Takashima et al., 2004; Villar et al., 2006; Black et
al., 2008). Additionally, species belonging to these two functional groups may exhibit
differences in physiological plasticity to changes in environmental factors. For example,
deciduous species acclimate their photosynthesis and growth to warming to increase or
maintain a similar performance between control and warm-grown plants, while evergreen
trees usually have a reduced performance in these traits under warmer growth conditions
(Way & Oren, 2010; Way & Yamori, 2014; Yamori et al., 2014; Dusenge et al., 2019).

1.12
1.12.1

Study species: black spruce and tamarack
Black spruce

Black spruce (Picea mariana, Pinaceae family) is native to North America, and is a
predominant species, accounting for 44% of the forested area of Canada (Girardin et al.,
2016a). Black spruce is an evergreen and a late-successional conifer (Taylor et al., 2013),
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and the species’ distribution extends from its far most southern range in an isolated relict
bog in Pennsylvania (at a latitude of 40˚ 48’ 52’’ N) (Abrams et al., 2001) up to the tree
line at a latitude of 68 ˚N (Heinselman, 1957). It usually inhabits sites that are too
extreme (i.e. cold, wet, and nutrient poor) for other species to thrive, an ability that
provides less competition during growth (Sniderhan 2018). In its most productive sites,
black spruce can reach a height of 30 m and a diameter at breast height (DBH) of 60 cm,
while in less productive sites it only reaches heights of 20 m and a DBH of 30 cm. It has
a lifespan of up to 200 years. Black spruce has a very shallow rooting system, especially
in bogs. It is a slow-growing species, and can inhabit both poorly-drained wetland and
well-drained upland sites (Natural Resources Canada – Black spruce fact sheet, 2015).
Black spruce requires fire to trigger mass seed production (Sniderhan 2018). However,
fire is not necessarily a requirement to open the cones, and these can open themselves in
a timeframe between 5 to 15 years (Lamont et al., 1991). In its most harsh environment,
black spruce can also reproduce through layering, when conditions are too extreme to
produce viable seeds (Sirois, 2000).

1.13

Tamarack

Tamarack (Larix laricina, Pinaceae family) is native to North America and is also
widespread, accounting for ~3.4% of the forested area of Canada (Gower & Richards,
1990; Girardin et al. 2016a). Tamarack is one of the few deciduous gymnosperms and is
an early-successional conifer (Gower & Richards, 1990). It extends from its southern
range distribution in south-eastern Illinois up to Alaska (Uchytil, 1991). Although the
deciduous leaf habit has been suggested to be a strategy that avoids harsh environmental
conditions, tamarack co-occurs with black spruce in harsh environments (Bares & Wali,
1979; Gower & Richards, 1990). In its most productive sites, tamarack can reach a height
of 23 m and a DBH of 51 cm. In harsh conditions in Alaska, it only grows up to 3 m and
a DBH of 8 cm (Uchytil, 1991). The lifespan can extend up to 180 years. To reproduce,
tamarack produce cones from approximately the age of 35 years old; the cones are both
wind and animal (especially red squirrels) dispersed (Uchytil, 1991), and can remain
viable up to one year (Duncan, 1954). Unlike spruce, tamarack gets killed easily by fire
(Uchytil, 1991). Similar to spruce, in its harsh, most northern sites, tamarack can
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reproduce through layering (Uchytil, 1991). In bogs, tamarack also has a shallow and
wide spreading rooting system (Lieffers & Rothwell, 1987).

1.14 Representation of photosynthesis and respiration
in climate models
The land components of Earth System Models (i.e. those used by the IPCC:
Intergovernmental Panel on Climate Change) incorporate formulations of photosynthetic
and respiratory responses to environmental conditions (Smith & Dukes, 2013). Although
our theoretical understanding of acclimation of photosynthesis and respiration to either
temperature and CO2 is relatively good (e.g. Atkin & Tjoelker, 2003; Ainsworth & Long,
2005; Leakey et al., 2009; Way & Yamori, 2014; Yamori et al., 2014; Slot & Kitajima,
2015; Dusenge et al., 2019), very few global vegetation models represent acclimation of
these processes to global change factors (Smith & Dukes, 2013; Lombardozzi et al.,
2015; Mercado et al., 2018). This is largely due to a lack of data for the models to make
reliable predictions (Smith & Dukes, 2013). This uncertainty is highest for vegetation in
boreal and tropical regions (Lombardozzi et al., 2015), which is unfortunate because
these two biomes account for ~85% of the total carbon stored in terrestrial forests (Pan et
al., 2011), and thus they have the potential to regulate strongly the rate of climate change
(Cox et al., 2000; Bonan, 2008). Particularly, the algorithms describing photosynthesis
include biochemical processes (i.e. Vcmax, Jmax); however, the temperature responses of
these parameters are rarely incorporated, due to a lack of data (Smith & Dukes, 2013;
Mercado et al., 2018). Additionally, the available algorithms that incorporate the
temperature sensitivity parameters of these two biochemical processes were developed
largely from temperate species (Kattge & Knorr, 2007; Kumarathunge et al., 2019), and
more data from boreal trees are needed to improve the accuracy of these models for high
latitude regions.

1.15

Objectives

Because of our limited understanding of how boreal forests will respond to future
climate, for my doctoral thesis, I attempted to contribute to this knowledge by exploring
the responses of North America boreal conifers (in both seedlings and mature trees) to
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warming and elevated CO2 levels predicted for the middle and the end of 21st century for
high latitudes. My thesis contains three main objectives (corresponding to each of the
three chapters):
Objective 1: Given that our understanding of thermal acclimation of photosynthesis and
respiration (and their subsequent effects on whole plant growth) come mainly from
seedlings grown in highly-controlled growth conditions (Yamori et al., 2014; Dusenge et
al., 2019), I explored how whole-ecosystem warming affected these fluxes in mature
conifer trees under ecologically realistic field conditions (Chapter 2).
Objective 2: Our understanding of how combined elevated temperature and elevated
CO2 affect photosynthesis and respiration (and the subsequent effects on growth) is
limited in boreal species (Lamba et al., 2018; Mercado et al., 2018). To reduce this
knowledge gap, I investigated how elevated temperature and elevated CO2 affect the
biochemical processes of photosynthesis and respiration, and subsequent effects on whole
plant growth, in conifer seedlings (Chapter 3).
Objective 3: Very few studies have investigated the regulatory processes (i.e.
biochemical, stomatal or respiratory regulation) involved in shifting the thermal optimum
of net photosynthesis (ToptA) in boreal conifers (Mercado et al., 2018). Therefore, I
assessed which was the most critical regulator in the shift of ToptA, when mature conifer
trees were exposed to warming and elevated CO2 in an ecologically realistic field setting
(Chapter 4).
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Chapter 2

2

Warming induces divergent leaf C and water dynamics
in co-occurring boreal trees

2.1 Introduction
Global mean temperatures are expected to warm 2-4 °C by the end of the century, but
high latitudes will warm at even faster rates, with boreal regions predicted to warm 5-10
°C by 2100 (Ciais et al., 2013). Boreal forests store 32% of the world’s forest carbon
(Pan et al., 2011) and cover a third of the world’s forested land area (FAO, 2015),
making them key players in regulating the global carbon cycle. Rapid warming could
reduce the ability of boreal trees to fix and sequester carbon if rising temperatures inhibit
photosynthetic CO2 assimilation, stimulate respiratory CO2 emissions and/or suppress
growth. Changes in the carbon cycling in these forests would subsequently feed back to
affect atmospheric CO2 concentrations (Graven et al., 2013), which could accelerate the
rate of climate change.
Our understanding of how increasing temperatures affect boreal tree CO2 fluxes and
growth is mainly derived from warming studies with young trees, which may not reflect
the physiology of mature forest trees. Net CO2 assimilation rates (A), respiration rates
(Rd) and growth of some boreal tree species are reduced by experimental warming, while
other species respond positively to increased growth temperatures (Tjoelker et al., 1998;
Way & Sage, 2008; Reich et al., 2015; Sendall et al., 2015; Kurepin et al., 2018).
Differences in how species respond to warming may be related to plant functional type
(PFT): deciduous trees show greater photosynthetic thermal acclimation to warming than
evergreen trees (Way & Oren, 2010; Way & Yamori, 2014; Dusenge et al., 2019), while
both functional types show similar abilities to acclimate respiration (Slot & Kitajima,
2015). These differences in photosynthetic responses to warming could allow deciduous
species to maintain carbon uptake in a warmer climate, even as photosynthetic
performance of evergreen species declines. Although tree growth is not solely dictated by
carbon availability (Korner, 2003; Fatichi et al., 2014), alterations in photosynthetic rates
and carbon availability can strongly impact plant growth (Dippery et al., 1995; Curtis &
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Wang, 1998; Norby et al., 1999; Ainsworth & Long, 2005; Temme et al., 2013). Thus, if
deciduous boreal trees maintain high photosynthetic rates as the climate warms, their
growth could remain unchanged, provided nutrients and water do not become limiting.
But if evergreen boreal trees exhibit decreased photosynthetic rates under warming, their
growth could decline as temperatures increase, since trees could become increasingly
carbon limited. Indeed, growth chamber and greenhouse experiments have shown that
high growth temperatures can decrease photosynthesis, respiration and productivity of
potted seedlings from evergreen boreal taxa, even when water and nutrient availability is
high (Way & Sage, 2008; Kurepin et al., 2018). Whether the same holds true in large
trees growing under natural conditions is still unclear.
In the field, warmer temperatures often occur during drier periods, and tree growth and
survival depend on the ability to maintain not only carbon balance, but also water status
(Clark et al., 2013; Sevanto et al., 2014; Buermann et al., 2014; McDowell et al., 2018).
Even if soil water availability is unaffected by warming, evaporative demand increases,
as the vapour pressure deficit (VPD) rises steeply with warmer air temperatures
(Campbell & Norman, 1998). High VPD induces stomatal closure (Cowan & Farquhar,
1977; Oren et al., 1999; McAdam et al., 2016), reducing transpiration, but also restricting
CO2 diffusion into the leaf. Stomatal regulation of leaf water status in a warmer climate
may thus exacerbate the negative impacts of high temperatures on photosynthesis by
limiting CO2 supply. The sensitivity of stomatal conductance to increasing VPD may
differ among species as a result of their position along the anisohydric-isohydric
continuum (Tardieu & Simonneau, 1998; Klein, 2014). Anisohydric species, which show
low stomatal regulation to drying and associated variable leaf water potential, may have a
lower sensitivity to increasing VPD than isohydric species, which display tighter stomatal
regulation and less variability in leaf water status with increasing aridity (McDowell et
al., 2008). Current climate models predict that relative humidity will remain constant
under future, warmer conditions (Soden & Held, 2006), suggesting that stomatal
responses to the increasing VPD predicted for the 21st century (Park Williams et al.,
2013) will become increasingly important for regulating plant water fluxes. Nevertheless,
little is known about how stomatal conductance responds to high growth temperatures, or
whether there are consistent differences between species or PFTs in stomatal responses to
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warming, despite growing recognition of the importance of atmospheric dryness for tree
growth (Lendzion & Leuschner, 2008) and ecosystem water and carbon fluxes (Novick et
al., 2016).
Recent climate change has had variable effects on tree growth and survival in boreal
regions. Warming has stimulated the growth of some boreal trees (Nemani et al., 2003;
Boisvenue & Running, 2006) while reducing growth in others (Zhang et al., 2008; Wang
et al., 2011; Ma et al., 2012; Girardin et al., 2016b; Marchand et al., 2019). Similarly,
mortality rates of many boreal trees have increased in a species-specific manner as
temperatures have risen (Peng et al., 2011; Zhang et al., 2015; Marchand et al., 2019),
with high mortality rates in boreal and other forest ecosystems frequently attributed to
increasing water stress in a hotter climate (Peng et al., 2011; Adams et al., 2017;
McDowell et al., 2018). These growth and mortality data imply that some boreal tree
species are more vulnerable to climate change than others (Marchand et al., 2019),
differences which may correlate with their ability to maintain a positive carbon balance
under warming without causing lethal water stress.
Given the global importance of evaluating boreal tree responses to warming in an
ecologically realistic setting, I assessed how large-scale whole ecosystem warming
impacts leaf physiology and growth in mature trees of two common, co-occurring high
latitude species, tamarack (Larix laricina, a deciduous conifer) and black spruce (Picea
mariana, an evergreen conifer). I hypothesized that growth responses to warming would
be correlated with differences in their ability to thermally acclimate photosynthetic traits
and respiration. Based on this hypothesis I predicted that:
(i)

High photosynthetic rates would be maintained in the deciduous species, but
not the evergreen species, across the warming treatments.

(ii)

Higher VPDs in the warmer plots would induce declines in stomatal
conductance in both species, helping maintain a constant water status across
the temperature treatments.

(iii)

Growth responses to warming would be more negative in the evergreen
species than in the deciduous species, correlating with the ability to thermally
acclimate photosynthesis and respiration under warmer conditions.
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2.2

Materials and Methods

This study was conducted at the U.S. Department of Energy’s SPRUCE (Spruce and
Peatland Responses Under Changing Environments) project site at the U.S. Forest
Service’s Marcell Experimental Forest, in Minnesota, USA (47°30.476’ N; 93°27.162’
W). This forest regenerated after canopy tree removal in 1969 and 1974 in a bog that is
located at the southern limit of boreal peatland forests (Sebestyen et al., 2011). This bog
is an ombrotrophic peatland, with an elevation ranging from 412.7 to 413.1 m above sea
level (Iversen et al., 2017), and a water table elevation of ~ 412 m (Sebestyen et al.,
2011). The forest canopy is dominated by Picea mariana (Mill.) B.S.P. (black spruce)
mixed with less-abundant Larix laricina (Du Roi) K. Koch (tamarack), and the
understory is dominated by the ericaceous shrubs Rhododendron groenlandicum (Oeder)
Kron & Judd and Chamaedaphne calyculata (L.) Moench (~80% of aboveground
biomass). Details of the site and experimental set-up can be found in Hanson et al.
(2017).
SPRUCE is the first large-scale whole-ecosystem warming experiment, spanning from ~3
m belowground to 7 m above soil level. The experiment is a regression-based design with
five temperature treatments: +0 (i.e. ambient, control temperatures), +2.25, +4.5, +6.75
and +9 °C, in 10 large octagonal open-top enclosures encompassing 114.8 m2, with an
interior sampling area of 66.4 m2. Each enclosure is surrounded beneath the surface (≈ 3
meters deep) by a corral composed of interlocking walls, which serves to isolate the
hydrology of each plot from the soils outside the enclosure. Aboveground heating is
achieved by pulling air through return vents located at several heights along the walls
inside each enclosure and circulating it through a propane heating system. Heated air is
then blown back inside each enclosure at 1 m height via eight vents directed away from
the closest vegetation to provide uniform heating of the vegetation by fully mixed air.
Soil heating is achieved using 3 m-long, vertical heater elements (100 W) that are
distributed across each enclosure. The heating experiment started August 15, 2015 and an
elevated CO2 treatment was added the following summer, June 15, 2016. Relative
humidity (RH) was not controlled, and ranged from 60% to 35% RH over the summer
from the +0 to the +9 °C plots, resulting in an 80% increase in VPD across the
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treatments. The +0 chambers are fully constructed but with no heat energy added,
therefore serving as control treatments for passive warming effects of the chamber.

2.2.1

Gas exchange and leaf N measurements

Field campaigns were conducted in May, June and August 2016. May and June
campaigns were done before initiation of elevated CO2 treatments at the site, therefore
each temperature treatment was studied in two plots. In August, only ambient CO2
treatment data were used in this analysis, and thus data came from one plot in each
temperature treatment. I studied the two mixed-age (up to ~40 years old) canopy tree
species at SPRUCE, black spruce and tamarack. Measurements were made on sunexposed branchlets cut using a pruning pole. After cutting, branchlets were put in water,
and recut under water to avoid xylem transport disruption and stomatal closure. Gas
exchange measurements were conducted between 08:00 and 19:00 using a portable
photosynthesis system (Li-COR 6400 XT, 6400-18 RGB light source, and 6400-22
Opaque Conifer Chamber; LI-COR Biosciences, Lincoln, NE, USA). Net CO2
assimilation rates (A) and stomatal conductance (gs) were measured at pre-determined
saturating light (2000 µmol m-2 s-1) and dark respiration rates (Rd) were measured after
15 min of dark-acclimation. Both A and Rd were measured at a CO2 concentration of 400
µmol mol-1, and either a common temperature of 25 °C (for A25, gs25 and Rd25) or a
treatment-specific growth temperature (for Ag, gsg and Rdg), based on mean site air
temperatures between 10:00 and 11:00 AM during the week prior to measurements, plus
any warming of the respective treatment. The antecedent reference growth temperatures
were 20.0 ºC in May, 16.3 ºC in June and 23.0 ºC in August. For measurements at 25 °C,
the cuvette VPD was 1.74 ± 0.03 kPa (mean ± SE); at the growth temperatures, cuvette
VPD ranged from 0.8 ± 0.21 kPa for the control plots to 3.3 ± 0.27 kPa in the +9 °C
plots. After gas exchange measurements, projected leaf area was determined using
ImageJ software (NIH, Bethesda, MD, USA). Leaf tissue was dried at 70 ºC until
constant mass, ground and analysed for dry mass and elemental nitrogen (N%) (Costech
Analytical Technologies, Inc., USA). Since parameter values varied among months, as
tree phenology shifted over the summer, I highlighted treatment effects for leaf N and gas
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exchange measured at 25 °C by relativizing these data by the highest mean plot value for
leaf N and each gas exchange parameter in each month.
Water potential (Y) was measured on cut branches from the mid-upper canopy in late
July 2016. An initial 10-15 cm long harvested branch was recut and measured for water
potential using a pressure chamber (model 615, 615D, PMS Instrument Co., Corvallis,
OR). Tree diameter at breast height (DBH) was measured by hand in late winter each
year and used to estimate the mean annual basal area increment per tree. The basal area
growth was estimated from the difference between the calculated basal area in winter
2017 and winter 2016; some trees displayed negative growth due to measurement error in
these hand-made measurements, and these points were removed from the analyses.

2.2.2

Statistical analyses

Analysis of covariance (ANCOVA) was used to test the effect of the month and
temperature treatment on the slope and intercept of the relationship between leaf traits
and warming treatments. In each analysis, the variable of interest was the dependent
variable, month was a factor, and temperature treatment (Figure 2.1), leaf temperature
(Figure 2.3), gs25 (Figures 2.2b, e) and leaf N (Figures 2.2a, d, c, f) were covariates. In
each temperature treatment, one branchlet from each of six spruce trees/plot was
harvested for measurements in May. In June and August, this was reduced to four
trees/plot of both species to minimize destructive harvesting in this long-term experiment,
except in one ambient-temperature plot where there was only one tamarack tree. For each
treatment, the plot mean was used to run statistical analyses (i.e. n = 2 in May and June,
and n = 1 in August). Simple linear and quadratic regressions were the two models which
best fit the observed responses for the effects of the warming treatment, leaf temperature
and VPD on leaf nitrogen and photosynthetic and respiratory traits, with the best model
selected based on the lowest Akaike Information Criterion (AIC) value (Table 2.1).
Where AIC values of both models were similar (2 units different or less), I used the
simpler, linear model. Statistical analyses were performed in R version 3.4.3 (2017-1130) following the protocol suggested by Zuur et al. (2009).
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Table 2. 1: Akaike Information Criteria (AIC) values for comparison between linear
and quadratic regression models for the analysis of covariance (ANCOVA). For
each trait analysed, the selected model is bolded (see Methods for details), and the
statistical summary of either linear or quadratic models are provided in Tables 2.2
and 2.3, respectively. Traits are: relativized leaf nitrogen (Relative leaf N),
relativized net CO2 assimilation rate (Relative A25) and relativized dark respiration
rate (Relative Rd25) measured at 25 ˚C; vapor pressure deficit (VPD, kPa); stomatal
conductance (gsg, mol H2O m-2 s-1), net CO2 assimilation rate (Ag; µmol m-2 s-1),
intercellular CO2 concentration (Cig, µmol mol-1) and dark respiration (Rdg, µmol m2 -1

s ) measured at growth temperature; basal area growth (cm2 yr-1 tree-1), midday

branch water potential (Ymidday; MPa), relativized leaf mass area (Relative LMA),
relativized stomatal conductance measured at 25 ˚C (Relative gs25), stomatal
conductance measured at growth temperature (gsg), Tleaf, leaf temperature.
Tamarack

Black spruce

Continuous

Discrete

Quadrati

Quadrati

Trait

variable

variable

Linear

c

Linear

c

Relative leaf N

Treatment

Month

-20

-20

-60

-62

Relative A25

Treatment

Month

-20

-19

-8

-18

Relative Rd25

Treatment

Month

-19

-19

-7

-5

VPD

Tleaf

Month

2

2

5

6

gsg

Tleaf

Month

-73

-71

-99

-101

Ag

Tleaf

Month

51

53

86

85

Cig

Tleaf

Month

123

124

262

263

Rdg

Tleaf

Month

-16

-15

15

17
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Basal area
growth

Treatment

Month

20

20

27

29

Ymidday

Treatment

Month

4

5

-1

-16

Relative LMA

Treatment

Month

-29

-27

-58

-56

Relative gs25

Treatment

Month

-9

-10

7

4

gsg

VPD

Month

-73

-71

-100

-104

2.3
2.3.1

Results
Leaf nitrogen and gas exchange

Leaf nitrogen concentrations on a mass basis (leaf N) increased with warming in both
species (Table 2.2); relative leaf N was 67-81% greater in +9 °C trees than the +0 °C
plots (Figures 2.1a, b). Leaf mass per unit area (LMA) was constant across the warming
treatments in tamarack, while there was an interaction between month and warming in
black spruce, such that LMA declined with warming, but the decline was stronger in June
than in May and August (SI Figure 2.1; SI Table 2.1). Despite these warming-induced
morphological changes, leaf N on area basis (Na) still increased with warming in spruce.
To assess thermal acclimation, net CO2 assimilation rates (A), stomatal conductance (gs)
and dark respiration rates (Rd) were measured at a leaf temperature of 25 °C (A25, gs25
and Rd25, respectively). Relative A25 increased 87% over the 9 °C warming gradient in
tamarack, indicating increased photosynthetic performance in elevated growth
temperatures. In contrast, A25 decreased with moderate warming, but increased again at
the highest temperature plots in spruce (Tables 2.2 & 3, Figures 2.1c, d). Relative gs25
showed no consistent response to the treatments in tamarack, but showed similar
responses to A25 in spruce, initially decreasing with warming, but recovering again in +9
˚C (SI Figure 2.2; Table 2.1; SI Tables 2.1 & 2). The Rd25 was constant across warming
treatments in both species (Figures 2.1 e, f; Table 2.2), indicating a lack of acclimation to
warming.
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Table 2. 2: The summary of analysis of covariance (ANCOVA) for the linear
regressions of relativized leaf nitrogen (Relative leaf N), relativized net CO2
assimilation rate (Relative A25) and relativized dark respiration (Relative Rd25)
measured at 25 ˚C; net CO2 assimilation rate (A25, µmol m-2 s-1), stomatal
conductance (gs25, mol H2O m-2 s-1), and dark respiration (Rd25, µmol m-2 s-1)
measured at 25˚C; vapor pressure deficit (VPD, kPa); stomatal conductance (gsg,
mol H2O m-2 s-1), net CO2 assimilation rate (Ag, µmol m-2 s-1), intercellular CO2
concentration (Cig, µmol mol-1) and dark respiration (Rdg, µmol m-2 s-1) measured at
growth temperature; midday branch water potential (Ymidday, MPa) and basal area
growth (cm2 yr-1 tree-1). Bold values indicate p<0.05; italicized values are
0.05<p<0.1. Parameters without statistics in this table were fit with quadratic
regressions (see Table 2.3).

Tamarack

Black spruce

y-variable

x-variables

DF

F-value

p-value

DF

F-value

p-value

Relative leaf N

Treatment

1

5

0.047

1

64.5

<0.0001

Month

1

4.8

0.052

2

11.8

0.00047

Month*treatment

1

0.24

0.63

2

2.3

0.13

Treatment

1

7.5

0.019

Month

1

7.6

0.018

Month*Treatment

1

0.037

0.85

Treatment

1

2.4

0.15

1

1.03

0.32

Month

1

0.093

0.77

2

4.3

0.028

Month*Treatment

1

3.3

0.095

2

0.47

0.63

leaf N

1

91

<0.0001

1

0.35

0.56

Month

1

59

<0.0001

2

3.9

0.036

leaf N*Month

1

0.06

0.8

2

0.49

0.62

g25

1

193

<0.0001

1

38

<0.0001

Relative A25

Relative Rd25

A25

A25
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Month

1

1

0.34

2

22

<0.0001

g25*Month

1

3.7

0.081

2

2.5

0.08

Leaf N

1

0.04

0.84

1

5.7

0.027

Month

1

2.9

0.11

2

1.4

0.27

Leaf N*Treatment

1

0.093

0.77

2

2.4

0.11

Tleaf

1

82

<0.0001

1

188

<0.0001

Month

1

0.1

0.7

2

2.17

0.14

Month*Tleaf

1

0.95

0.35

2

0.93

0.41

Tleaf

1

20.6

0.001

1

4

0.059

Month

1

16

0.0023

2

1.2

0.3

Month*Tleaf

1

0.12

0.73

2

0.29

0.74

Tleaf

1

15

0.003

1

2.3

0.15

Month

1

7.4

0.021

2

8.17

0.0027

Tleaf*Month

1

0.16

0.69

2

0.0098

0.99

Tleaf

1

0.35

0.56

1

13

0.0019

Month

1

14

0.0034

2

1.7

0.2

Month*Tleaf

1

0.6

0.44

2

0.55

0.58

Tleaf

1

58

<0.0001

1

34

<0.0001

Month

1

4

0.065

2

5

0.014

Tleaf*Month

1

7.7

0.018

2

0.22

0.8

Ymidday

Treatment

1

9.8

0.052

Basal area
growth

Treatment

1

0.021

0.89

1

4.02

0.079

Rd25

VPD

gsg

Ag

Cig

Rdg
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Table 2. 3: The summary of analysis of covariance (ANCOVA) for the quadratic
regressions of relativized net CO2 assimilation rate (Relative A25) measured at 25 ˚C,
and midday branch water potential (Ymidday, MPa). Bold values indicate p<0.05;
italicized values are 0.05<p<0.1. Parameters without statistics in this table were fit
with linear regressions (see Table 2.2).
Black spruce
Traits

Relative A25

Factors

F-value

p-value

Treatment

1.6

0.22

Treatment2

14.9

0.0014

Month

11.5

0.00082

Treatment: Month

0.96

0.4

Treatment2: Month

3.6

0.052

Treatment

11.5

0.077

Treatment2

52.5

0.019

Ymidday
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Figure 2. 1: Impact of temperature treatments on leaf nitrogen and CO2 fluxes.
Responses of relativized leaf nitrogen concentration (Leaf N) (a, b), net CO2
assimilation (A25) (c, d), and dark respiration rates (Rd25) (e, f) measured at 25 °C to
warming in tamarack (a, c, e) and black spruce (b, d, f). Symbol colors represent
temperature treatments: ambient (+0, light pink), +2.25 (pink), +4.5 (orange), +6.75
(red), +9 °C (dark red). Symbol shapes represent measurement months: May
(squares), June (triangles), August (circles). Long-dashed, short-dashed and solid
lines (b, c, d) are regression lines for May, June and August, respectively; solid line
(0.05<p) (a) is the overall regression line. Means ± standard error; n=4-6 trees/plot

47

and 2 plots per temperature in May, n=2-4 trees/plot and 2 plots per temperature in
June, and n=2-4 trees/plot and 1 plot per temperature August. In tamarack, n=1
tree/plot in one of the +0 plots (see Methods for details).
In both species, higher gs25 was strongly linked with higher A25 (Figures 2.2b, e; Table
2.2). Over the summer, tamarack increased both gs25 and A25, indicating strong coupling
between carbon and water fluxes, while spruce maintained a similar range of gs25 across
the summer, but showed seasonal increases in A25 that were not related to changes in leaf
N (Figure 2.2a; Table 2.2).
In tamarack, higher leaf N was correlated with higher A25, but there was no relationship
between leaf N and A25 in spruce (Figures 2.2a, d; Table 2.2). In contrast, leaf N was
positively correlated with Rd25 in spruce but not in tamarack (Figures 2.2 c, f; Table 2.2).

Figure 2. 2: Relationships between photosynthesis, dark respiration, leaf nitrogen
and stomatal conductance. Net CO2 assimilation rate (A25, µmol m-2 s-1) measured at
25 °C as a function of leaf nitrogen (Na, g m-2) (a, d), A25 as a function of stomatal
conductance measured at 25 °C (gs25, mol H2O m-2 s-1) (b, e), and dark respiration
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(Rd25, µmol m-2 s-1) as function of leaf nitrogen (c, f) in black spruce (a, b, c) and
tamarack (d, e, f). Symbol colors represent temperature treatments: ambient (+0,
light pink), +2.25 (pink), +4.5 (orange), +6.75 (red), +9 °C (dark red). Symbol shapes
represent measurement months: May (squares), June (triangles), August (circles).
Long-dashed, short-dashed and solid lines (b, d,) are regression lines for May, June
and August, respectively; solid lines (0.05<p) (c, e) are overall regression lines.
Means ± standard error; n=4-6 trees/plot and 2 plots per temperature in May, n=2-4
trees/plot and 2 plots per temperature in June, and n=2-4 trees/plot and 1 plot per
temperature August. In tamarack n=1 tree/plot in one of the +0 plots (see Methods
for details).

2.3.2

Performance under field conditions

I also assessed gas exchange at the prevailing growth temperature to evaluate leaf carbon
uptake under ecologically relevant conditions. Higher measurement temperatures resulted
in similar increases in VPD within the measurement cuvette for both species (Figures
2.3a, b; Table 2.2), consistent with plot-level changes experienced in the whole
ecosystem enclosures (Hanson et al., 2017). This increasing VPD induced strong declines
in spruce gsg, but weaker declines in tamarack gg (SI Figure 2.3; SI Tables 2.1 & 2.2).
And while high leaf temperatures reduced stomatal conductance at growth temperature
(gsg) in spruce, higher leaf temperatures were correlated with small increases of gsg in
tamarack (Figures 2.3c, d; Tables 2.2 & 3). Net CO2 assimilation rates at the growth
temperature (Ag) increased slightly with increasing leaf temperature in tamarack, but
were unrelated to leaf temperature in spruce (Figures 2.3e, f). In tamarack, this rise in Ag
was correlated with both increases in gsg and higher leaf N in the warmer plots,
generating a constant intercellular CO2 concentration (Cig) from 15-35 °C (Figure 2.3g;
SI Figures 2.4d, e; Table 2.2; SI Table 2.1) as both the demand for and supply of CO2 for
photosynthesis increased by roughly the amount across the warming treatments. But Cig
declined nearly 100 µmol mol-1 over the same leaf temperature range in spruce,
indicating increasing stomatal limitations on carbon gain in the high leaf temperatures of
the warmer treatments (Figure 2.3h; SI Figure 2.4b; Table 2.2; SI Table 2.1). The Rdg
increased with increasing leaf temperature and was positively correlated with leaf N in
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both species (Figures 2.4 a, b; SI Figures 2.4 c, f; Table 2.2; SI Table 2.1). But while the
impact of a rise in leaf temperature on Rdg was constant across the months in spruce, Rdg
in tamarack was more responsive to warming at the higher temperatures of August than
in the cooler measurement temperatures of June.

Figure 2. 3: Responses of leaf gas exchange to prevailing leaf temperatures across
the warming treatments. Responses of vapor pressure deficit (VPD, kPa) (a, b),
stomatal conductance (gsg, mol H2O m-2 s-1) (c, d), net CO2 assimilation rate (Ag,
µmol m-2 s-1) (e, f), and intercellular CO2 concentration (Cig, µmol mol-1) (g, h) to
changes in leaf temperatures (˚C). Symbol colors represent temperature treatments:
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ambient (+0, light pink), +2.25 (pink), +4.5 (orange), +6.75 (red), +9 °C (dark red).
Symbol shapes represent measurement months: May (squares), June (triangles),
August (circles). Dashed and solid lines (c, e) are regression lines for June and
August, respectively; dashed (0.05<p<0.1) lines and solid lines (0.05<p) (a, b, d, h)
represent overall regression lines. Means ± standard error; n=4-6 trees/plot and 2
plots per temperature in May, n=2-4 trees/plot and 2 plots per temperature in June,
and n=2-4 trees/plot and 1 plot per temperature August. In tamarack n=1 tree/plot
in one of the +0 plots (see Methods for details).

Figure 2. 4: Responses of dark respiration to prevailing leaf temperatures (Rdg,
µmol m-2 s-1) across the warming treatments in tamarack (a) and black spruce (b).
Symbol colors represent temperature treatments: ambient (+0, light pink), +2.25
(pink), +4.5 (orange), +6.75 (red), +9 °C (dark red). Symbol shapes represent
measurement months: May (squares), June (triangles), August (circles). Longdashed, short-dashed and solid lines are regression lines for May, June and August,
respectively. Means ± standard error; n=4-6 trees/plot and 2 plots per temperature
in May, n=2-4 trees/plot and 2 plots per temperature in June, and n=2-4 trees/plot
and 1 plot per temperature August. In tamarack n=1 tree/plot in one of the +0 plots
(see Methods for details).
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2.3.3

Branch water potential

The stomatal responses of the two species also impacted tree water status. In spruce,
midday branch water potential (Ψbranch) increased slightly between the +0 °C and +4.5 ˚C
plots, then decreased again at warmer treatments, reaching a similar water potential in the
+9 °C plots as in the +0 °C plots. But in tamarack, there was a trend for decreased Ψbranch
with warming in tamarack (p=0.052) (Figures 2.5a, b; Tables 2.2 & 2.3).

2.3.4

Tree growth

Basal area growth remained constant for tamarack across the temperature treatments
(p=0.8), but there was a trend of declining growth in black spruce with warming
(p=0.079; Figures 2.5c, d; Table 2.2), which continued in 2017 (P.J. Hanson, personal
communication).

Figure 2. 5: Tree water status and growth responses to the temperature treatments.
Responses of midday branch water potential (Ybranch, MPa) (a, b) and basal area

52

growth (cm2 yr-1 tree-1) (c, d) to warming treatments in tamarack (a, c) and black
spruce (b, d). The dashed (0.05<p<0.1) lines are linear regressions. Means ±
standard error; n=2-4 for water potential, and n = 1-14 (tamarack) and n = 8 – 23
(black spruce) for basal area growth

2.4

Discussion

I explored how large-scale whole ecosystem warming impacts leaf physiology and
potential growth rates in mature trees of two common, co-occurring high latitude species,
tamarack (a deciduous conifer) and black spruce (an evergreen conifer). Overall, I found
that the two species showed contrasting responses to increased air and soil temperatures.
In spruce, stomatal conductance decreased in the warmer, higher VPD plots, largely
helping maintain stem water status, but restricting photosynthesis. In tamarack, while
higher VPDs also led to slightly lower stomatal conductance, stomatal conductance was
actually higher in the warmer plots than the cooler plots. This increase in stomatal
conductance helped maintain high photosynthetic rates in the warmer-grown tamarack,
but also increased branch water stress. Constant photosynthesis and high respiration rates
were correlated with a trend towards decreased annual growth in spruce, while the
simultaneous stimulation of net photosynthesis and respiration rates in tamarack was
correlated with constant growth across the 9 ˚C warming treatment.
My first prediction was only partly supported. In tamarack, photosynthesis increased with
warming (consistent with our hypothesis), and this increase was mainly due to
concomitant increases in leaf N and stomatal conductance. In contrast, in black spruce,
photosynthesis was constant across the warming treatments, despite an increase in leaf N.
This lack of photosynthetic stimulation was driven by the decline in stomatal
conductance with warming in black spruce, restricting CO2 diffusion into the leaf for
photosynthesis. Higher leaf N in both species may be a direct impact of elevated growth
temperatures on tree physiology, but is likely more reflective of greater soil N availability
in warmer plots, as increases in N mineralization rates are common in soil warming
experiments (Rustad et al., 2001; Melillo et al., 2011), and preliminary data indicate
similar responses at SPRUCE (C.M. Iversen, personal communication). Photosynthesis is
usually positively correlated with leaf N (Reich et al., 1995 and references therein), since
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N-rich proteins in photosynthetic metabolism account for a large proportion of total leaf
N (Evans, 1989; Raven, 2013). This appears to be the case for tamarack, since higher leaf
N in warmer plots was linked with higher photosynthetic rates. But an evergreen leaf
habit is often an adaptation to low fertility soil (Gower & Richards, 1990; Sigurdsson et
al., 2013), and species such as spruce have a high nitrogen use efficiency (Kloeppel et al.,
2000), and may show weak responses to increased total leaf N content. Black spruce may
be engaging in nitrogen luxury consumption (Chapin, 1980; Tripler et al., 2002; Salifu &
Timmer, 2003), allocating extra nitrogen to non-photosynthetic processes (Scafaro et al.,
2017) or to inactive photosynthetic enzymes that can act as nitrogen storage pools for
later use (e.g. non-active Rubisco; Stinziano & Way, 2017). Indeed, pre-treatment work
at the SPRUCE site indicates that photosynthetic capacity of spruce is not N-limited, but
perhaps co-limited by P (Jensen et al., 2019). Additionally, the positive correlation
between respiration and leaf N in spruce implies that there was an increased investment
in respiratory machinery at high temperatures to meet energy demands for metabolism in
the warmer growth conditions (as also seen in Eucalyptus in Crous et al., 2017).
Consistent with my second prediction, higher VPDs induced strong stomatal closure in
black spruce, but only weak responses in gs in tamarack. Indeed, at higher measurement
temperatures, gs slightly increased in tamarack, despite the higher VPD. These divergent
stomatal responses may be associated with the differences in leaf habit between these two
species, as tropical evergreen species show a more rapid stomatal closure with increasing
VPD compared to deciduous tropical trees (Myers et al., 1997). The maintenance of
relatively high gs at higher temperatures and VPDs in tamarack correlates with warminginduced decreases in branch water potential, while stomatal closure with increasing
temperature and VPD in black spruce led to a largely constant branch water potential
across the 9 ˚C warming. The responses of gs and water potential to warming between
these two species could indicate that they operate on different ends of the isoanisohydricity continuum. Tamarack exhibited more anisohydric behaviour, with weak
stomatal regulation in response to warming and VPD and variable water potential, while
black spruce showed more isohydric behavior (Sullivan et al., 2017). My branch-level
data are also consistent with sap-flux results from the site, which show greater
stimulations of tree-level water use with warming in tamarack than in spruce (J.M.
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Warren, personal communication). While my findings contrast with earlier sap-flux based
attributions of the isohydricity of these two species (Pappas et al., 2018), my findings
imply that black spruce prioritizes water savings under warming. In contrast, tamarack, a
fast-growing deciduous conifer, appears to prioritize carbon uptake and growth when
nutrients and water are not limiting.
In agreement with my third prediction, the species-specific growth responses to elevated
temperatures reported here parallel the combined responses of net photosynthesis and
respiration to warming. Respiratory costs rose with increasing leaf temperature in both
species, but more strongly in black spruce than in tamarack (Figure 2.4). When combined
with a lack of increased carbon uptake across the temperature treatments, these high
respiration rates may contribute to the trend for decreasing growth in black spruce. In a
study of tree rings across Canada, Girardin et al. (2016) showed that warm summers
negatively impact black spruce growth across most of its range, but noted that tamarack
growth was much less sensitive to temperature, similar to the results from our whole
ecosystem warming experiment on mature trees. Additional work shows that black spruce
productivity is declining towards the species’ eastern and southern range as the climate
warms (Girardin et al., 2014; Marchand et al., 2019), a change attributed to greater water
stress in hot conditions, but also higher respiratory costs (Girardin et al., 2016b;
Marchand et al., 2019). In contrast, black spruce growth in its northern population in
Alaska has been stable over the past decades (Sullivan et al., 2017).

2.5

Conclusions

In conclusion, my work demonstrates that increased growth temperatures, in the range
expected for the next century at high latitudes, have contrasting effects on stomatal
behaviour, photosynthesis and water stress, with strong implications for future growth
and competitive ability of two common boreal tree species in North America. High VPDs
and high leaf temperatures reduced stomatal conductance under growth conditions in the
field (gsg) in black spruce, which helped maintain a largely constant leaf hydration across
the temperature gradient. Warming also increased spruce leaf N content, which should
increase photosynthetic rates (A25 or Ag), yet stomatal limitations led to lower Cig and a
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relatively constant A25 and Ag across the 9 °C temperature gradient. However, in
tamarack, high gsg in warm, dry conditions facilitated CO2 diffusion into leaves, and,
combined with the higher leaf N in the warmer treatments, led to increased
photosynthesis (A25 and Ag). Warming also led to greater leaf water stress in tamarack,
consistent with the higher gsg in trees from the warmest plots, indicating a strategy of
prioritizing carbon uptake over leaf hydraulic safety in this species. However, respiratory
costs increased with warming in both species, suggesting that their growth performance
was presumably dictated by their ability to maintain a positive carbon gain. These
responses suggest that species-specific responses to future climate change may dictate
how forest carbon and water fluxes change over the next few decades in boreal forest.
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Chapter 3

3

Contrasting acclimation responses to elevated CO2 and
warming between an evergreen and a deciduous boreal
conifer

3.1 Introduction
Anthropogenic greenhouse gas emissions, such as CO2, have already increased global
mean surface air temperatures, which are predicted to increase another 1-4 °C by the year
2100. High latitudes will experience more extreme warming of ~8 °C by the end of the
century (Collins et al., 2013; Stocker et al., 2013), and the boreal forest has already
experienced warming of 2˚ C in some areas (Price et al., 2013). Growth of high latitude
plants, such as those in boreal ecosystems, is often assumed to be temperature-limited,
and climate warming is therefore expected to enhance boreal productivity (Tucker et al.,
2001; Stinziano & Way, 2014; Nicault et al., 2015; Huang et al., 2019). In addition,
rising CO2 concentrations should benefit forests via CO2 fertilization (Norby et al., 2005)
and an increase in water use efficiency (Battipaglia et al., 2013; Keenan et al., 2013;
Giguère-Croteau et al., 2019). Boreal forests account for 32% of the total carbon
sequestered by the world’s forests (Pan et al., 2011) and play a critical role in climate
regulation and global biogeochemical cycles (Bonan, 2008; Brandt, 2009). Therefore,
climate change-induced shifts in the functioning of this biome will significantly impact
regional ecosystem services (Gauthier et al., 2015), global carbon cycling, and the rate of
increase in atmospheric CO2 concentrations (Kasischke, 2000; Bonan, 2008; Graven et
al., 2013).
Despite expectations, recent responses of North American boreal forests to climate
change have not been consistent with predictions of enhanced tree growth. Instead,
studies show either no change (Girardin et al., 2016a; Giguère-Croteau et al., 2019) or a
decline in tree growth and survival (Peng et al., 2011; Ma et al., 2012; Chen & Luo,
2015; Girardin et al., 2016b; Marchand et al., 2019). The few studies that report positive
responses to climate change show that tree growth is enhanced by warming only in wet
regions (Hember et al., 2017). These results, and recent experimental work (Reich et al.,
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2018), imply that boreal trees might not benefit from warming under water limitations.
However, even studies in well-watered conditions can show a negative effect of higher
temperatures on boreal tree species (Tjoelker et al., 1998; Way & Sage, 2008a,b),
suggesting that their growth might be directly reduced by rising temperature. Given the
low tree biodiversity of the boreal forest (Girardin et al., 2016a), responses to climate
change factors of these few species (Tjoelker et al., 1998; Girardin et al., 2016a; Kurepin
et al., 2018; Marchand et al., 2019) might explain observed large-scale productivity
trends, and will ultimately dictate the trajectory of carbon cycling in these forests.
However, we still lack an understanding of how the processes that govern leaf carbon
fluxes, and thus carbon availability for growth, acclimate to climate change, or the
ultimate impacts of warming and rising CO2 for tree growth of dominant boreal tree
species.
Photosynthesis and respiration regulate plant carbon balance, and are key players in the
carbon exchange between vegetation and the atmosphere. Both processes are temperature
dependent. Increases in leaf temperature stimulate photosynthesis (net CO2 assimilation
rates, A) up to the thermal optimum (Topt), while A declines above the Topt (Berry &
Bjorkman, 1980; Way & Yamori, 2014; Yamori et al., 2014). Below the Topt and at
current CO2 levels, A is often limited by the capacity of Rubisco (Ribulose-1,5bisphosphate carboxylase/oxygenase) to fix CO2 (Hikosaka et al., 2006). Above the Topt,
the decline in A is associated with increased photorespiration (Sage & Kubien, 2007),
reduced stomatal conductance (Lin et al., 2012), and reduced performance of Rubisco
activase, a chaperone protein that maintains the activity of Rubisco (Yamori et al., 2006;
Sage et al., 2008; Yamori & von Caemmerer, 2009). At supra-optimal temperatures, A
can also be limited by electron transport rates, which depend on thylakoid membrane
stability, a temperature-sensitive attribute (Murakami et al., 2000; Sage & Kubien, 2007).
Respiration increases exponentially with increasing leaf temperature at physiologically
relevant temperatures with a Q10 (the increase in respiration per 10 °C warming) of ~2
(Atkin & Tjoelker, 2003; Atkin et al., 2005; Heskel et al., 2016). Respiration also has a
higher Topt (51 - 61 °C) (O’Sullivan et al., 2013; O’sullivan et al., 2017) than A (25 - 30
°C) (Sage & Kubien, 2007; Yamori et al., 2014), and respiratory carbon losses
significantly contribute to decreases of A at high leaf temperatures.
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When plants are grown in elevated temperatures, they acclimate by increasing the Topt of
Anet (ToptA), as well as the the Topts of maximum Rubisco carboxylation rates (Vcmax) and
maximum electron transport rates (Jmax) (Way & Yamori, 2014; Sendall et al., 2015;
Smith & Dukes, 2017; Kumarathunge et al., 2019). However, shifting these Topts to
higher temperatures does not necessary improve photosynthetic rates in warmer
environments (Way & Sage, 2008b; Way & Yamori, 2014; Zhang et al., 2015). On the
other hand, respiration acclimates in plants grown in warmer temperatures such that
respiration is reduced, decreasing leaf carbon losses (Atkin & Tjoelker, 2003; Atkin et
al., 2005; Slot & Kitajima, 2015; Smith & Dukes, 2017). Boreal trees effectively
acclimate respiration to warming (Zhang et al., 2015; Reich et al., 2016; Kroner & Way,
2016; Wei et al., 2017; Benomar et al., 2017; Kurepin et al., 2018), but A at growth
temperature tends to be reduced in evergreen woody species grown in warmer conditions
(Way & Yamori, 2014; Dusenge et al., 2019). This suggests that changes in carbon fluxes
in boreal trees species under future climates could be largely dictated by photosynthetic
acclimation. There is a growing body of evidence that conifers belonging to the Picea
genus are particularly sensitive to warming: both A and biomass were reduced in warmgrown Picea compared to control plants in a range of species (Tjoelker et al., 1998; Way
& Sage, 2008a,b; Zhang et al., 2015; Kroner & Way, 2016; Kurepin et al., 2018).
Although there are few studies on Larix, A was unchanged across a 12 ˚C warming in
Larix laricina (Tjoelker et al., 1998), suggesting that this deciduous conifer might
maintain a constant A under warming conditions.
Both A and tree growth usually increase under elevated CO2 (Norby et al., 2005). Net
photosynthesis is stimulated by elevated CO2 as result of increased substrate availability
to Rubisco (Medlyn et al., 1999; Ainsworth & Rogers, 2007). But A acclimates to
elevated CO2 such that the initial stimulation of A is reduced (e.g. Warren et al., 2014).
This photosynthetic down-regulation is a consequence of reduced photosynthetic capacity
(Medlyn et al., 1999; Ainsworth & Long, 2005) and stomatal conductance (Ainsworth &
Rogers, 2007), and is more common under nutrient limitation (e.g. Norby et al., 2010;
Warren et al., 2014; Ellsworth et al., 2017). The latter point is particularly relevant in
boreal forests, which are a low-nutrient habitat (Gower & Richards, 1990), for nitrogen in
particular. Elevated CO2 thus has little impact on boreal tree productivity in field

67

experiments without nutrient addition (Hättenschwiler & Körner, 1997; Sigurdsson et al.,
2001, 2013), while in well-fertilized boreal conifer seedlings, elevated CO2 stimulated A
equally in Picea mariana, Pinus banksiana and Larix laricina (Tjoelker et al., 1998).
Therefore, contrary to warming, which negatively affects Picea, the impact of growth
CO2 may not vary considerably between evergreen and deciduous conifers growing in
similar soils. The effects of elevated CO2 on respiration are more variable than they are
on A (Way et al., 2015). In the short-term, there is no effect of CO2 on dark respiration
(Amthor, 2000; Amthor et al., 2001), but on a longer timescale, respiration can be altered
by elevated CO2, with increased dark respiration rates linked to increased leaf
carbohydrate or nitrogen concentrations (reviewed in Way et al., 2015).
Both air temperature and atmospheric CO2 increase concomitantly, and efforts to improve
our understanding on the impacts of these combined factors on photosynthesis and
respiration are growing (e.g. Wang et al., 1995; Tjoelker et al., 1998, 1999; Zha et al.,
2003; Uddling & Wallin, 2012; Wallin et al., 2013; Crous et al., 2013; Lewis et al., 2015;
Kroner & Way, 2016; Broughton et al., 2017; Lamba et al., 2018; Kurepin et al., 2018).
The combined effect of CO2 and temperature can either enhance or offset their
independent effects on leaf physiology (Long, 1991). High CO2 suppresses
photorespiration (which increases with temperature), thus stimulating A (Wujeska-Klause
et al., 2019) and increasing the ToptA (Sage & Kubien, 2007); elevated CO2 thus enhances
plant carbon uptake at high growth temperatures (Wang et al., 1995; Uddling & Wallin,
2012; Wallin et al., 2013). Elevated CO2 and temperature can also have compounding
effects on carbon uptake (Dusenge et al., 2019). For instance, elevated CO2 reduces
stomatal conductance (Ainsworth & Rogers, 2007), as does the higher vapor pressure
deficit that often accompanies increased air temperatures (Oren et al., 1999), which
reduces A and alters the ToptA (Mercado et al., 2018). But strong effects of CO2 on
photosynthesis and respiration in warm-grown plants are rare in studies on boreal trees
(Tjoelker et al., 1998; Wallin et al., 2013; Kroner & Way, 2016). Indeed, there are
generally only weak (Wang et al., 1995; Tjoelker et al., 1999; Zha et al., 2003; Wallin et
al., 2013) or no apparent interactions (Tjoelker et al., 1998; Kroner & Way, 2016; Lamba
et al., 2018; Kurepin et al., 2018) between elevated temperatures and CO2 on
photosynthetic and respiratory performance in boreal conifers.
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Terrestrial Biosphere Models (TBMs) use the Farquhar et al. (1980) photosynthesis
model to simulate leaf-level photosynthesis and scale it up to estimate biosphereatmosphere interactions (Rogers et al., 2017a). This model requires data on
photosynthetic capacity, Vcmax and Jmax, which are key parameters for estimating CO2
fixation rates. Both Vcmax and Jmax are affected by environmental factors such as CO2
(Ainsworth & Long, 2005) and temperature (Kattge & Knorr, 2007; Smith & Dukes,
2017), and they vary across plant functional types (Rogers, 2014). In TBMs, Vcmax, Jmax
and the ratio of Jmax/Vcmax are important input parameters (Rogers et al., 2017a,b), as are
the thermal sensitivity of Vcmax and Jmax (Mercado et al., 2018). The instantaneous
temperature responses of Vcmax and Jmax are modelled by a peaked Arrhenius function
(Medlyn et al., 2002; Kumarathunge et al., 2019; but see Smith & Dukes, 2017):
Hb exp f
f(T] ) = k _S`

E& XT] − T_S` Z
T] RT_S` g

Hb XT] − T_S` Z
Hb − E& h1 − exp f T RT
gi
]
_S`

[Equation 3.1]

where kopt is the process rate (i.e., Vcmax or Jmax; µmol m-2 s-1) at the optimum
temperature, Hd (kJ mol-1) is the deactivation energy term that describes the decline in
enzyme activity at higher temperature, Ea (kJ mol-1) is the activation energy term that
describes the exponential increase in enzyme activity with the increase in temperature, R
is the universal gas constant (8.314 J mol-1 K-1), and Topt and Tk are the optimum and
given temperatures of the process rate. Both Vcmax and Jmax, as well as their temperature
sensitivity parameters (i.e., Ea, Topt, Hd, Vcmaxopt and Jmaxopt), change with growth
temperature (Hikosaka et al., 2006; Kattge & Knorr, 2007; Yamaguchi et al., 2016, 2019;
Smith & Dukes, 2017; Crous et al., 2018; Kumarathunge et al., 2019; Yin et al., 2019).
However, few TBMs include thermal acclimation of photosynthesis, largely due to data
scarcity, particularly for tropical and boreal biomes (Lombardozzi et al., 2015; Mercado
et al., 2018; Kumarathunge et al., 2019). In addition, we lack data on the impacts of
combined elevated temperature and CO2 on the temperature sensitivity of photosynthetic
capacity, particularly in boreal species (Smith & Dukes, 2013; Mercado et al., 2018). In
the two studies on boreal conifers to only explore the effects of both warming and
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elevated CO2 on Vcmax found different responses: in mature trees of Picea abies, Vcmax
acclimated to CO2 with no effect of warming (Lamba et al., 2018), while in seedlings of
Pinus sylvestris, both warming and high CO2 increased Vcmax (Kellomaki & Wang,
1996). Therefore, more data are needed to improve our understanding of the interactive
effects of CO2 and temperature on photosynthetic and respiratory physiology in northern
trees.
In North American boreal forests, black spruce is a dominant species, accounting for 44%
of the Canadian forested area (Girardin et al., 2016a), while tamarack is also widespread
(Gower & Richards, 1990). Black spruce is an evergreen, late-successional conifer
(Taylor et al., 2013), whereas tamarack is a deciduous, early-successional conifer (Gower
& Richards, 1990). Based on the different plant functional types of these species, we may
expect contrasting responses to climate change. Evergreens have a weaker ability to
acclimate growth and photosynthesis to warming compared to deciduous tree species
(Way & Oren, 2010; Way & Yamori, 2014; Dusenge et al., 2019). Moreover, a recent
study showed that a late-successional species, Picea abies, had a limited ability to
acclimate to warming compared to Pinus sylvestris, an early-successional species
(Kurepin et al., 2018). Based on potential differences in how these species may respond
to climate change, I investigated the responses of black spruce and tamarack to moderate
(+4 °C) and extreme (+8 °C) warming combined with ambient (407 ppm) or elevated
growth CO2 concentrations (750 ppm). I hypothesize that moderate warming will
stimulate carbon gain and growth in tamarack, but reduce carbon gain and growth in
black spruce, while extreme warming will reduce both carbon gain and growth in both
species; elevated CO2 will stimulate carbon gain and growth equally in both species.
Based on this hypothesis I predicted that:
i)

In tamarack (a deciduous conifer), A will respond positively to warming,
whereas in black spruce (an evergreen conifer), A will respond negatively
to warming. The A of both species will increase with elevated CO2 across
the warming treatments.

ii)

Photosynthetic capacity will be reduced by elevated CO2, but will not be
altered by growth temperature in either species.
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iii)

Dark respiration will acclimate to temperature, but not to CO2, in both
species.

iv)

Moderate warming will stimulate growth in tamarack, but reduce growth
in black spruce, while extreme warming will reduce growth in both
species. Elevated CO2 will stimulate growth equally in both species.

3.2
3.2.1

Materials and Methods
Plant material and experimental growth conditions

Picea mariana (Mill.) B.S.P. (black spruce) and Larix laricina (Du Roi) K. Koch
(tamarack) were grown from seed. Seeds were provided by the National Tree Seed Centre
(Canadian Forest Service [P. mariana: seedlot 20083181.0 (46˚2’N, 82˚5’ W) L. laricina:
seedlot 7930280.1 (45˚2’ N, 75˚0’ W)]. Seed lots were selected to match ambient
temperature and photoperiod conditions of London, Ontario, Canada, where the
experiment was carried out. This region represents the southern range of the natural
distribution of these two species. Prior to sowing seeds, 98 pots (49 per species) filled
with growth medium were randomly assigned to one of six climate-controlled
glasshouses at Western University’s Biotron facility (43°0’ N, 81°16’ W). Each
glasshouse had a different combination of CO2 and temperature: either ambient CO2 (~
407 µmol mol-1 CO2; AC) or elevated CO2 (750 µmol mol-1 CO2; EC) crossed with either
ambient (0T), ambient +4 °C (4T) or ambient +8 °C (8T) (Figure 3.1). The ambient
temperature regime was derived from hourly temperature averages for 2008-2012 from
the London, ON airport meteorological station (Environment Canada). Relative humidity
was maintained at around 60% in each treatment. CO2 concentrations were controlled by
blowing pure CO2 into the elevated CO2 glasshouses, using Argus Control Software
(Surrey, BC, Canada) TITAN version 1 (Build 00226B.00, Site ID: 1960); CO2
concentrations were recorded every three hours with an infrared gas analyzer.
Five to ten seeds of a single species were sown in 11.6 L pots filled with Pro-Mix BX
Mycorrhizae growth medium (Premier Tech Horticulture, Rivière-du-Loup, QC, Canada)
and fertilized with all-purpose slow release fertilizer (Slow Release Plant Food, 12-4-8,
Miracle Gro®, The Scotts Company, Mississauga, ON, Canada). Watering was done as
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needed to maintain a moist growth medium. Seedlings were thinned to avoid competition
once they established, and ultimately only one seedling per pot remained.
By the end of the experiment, 15 tamarack seedlings (all from AC8T) died, as did one
black spruce seedling (also from the AC8T treatment). At the end of the experiment, all
remaining seedlings were measured and dried for biomass.

3.2.2

Gas exchange measurements

Leaf gas exchange was measured when seedlings were five months old. Five healthy (i.e.
with no brown needles) seedlings per species were randomly selected from each
treatment and measured using one of two portable photosynthesis systems (Li-Cor
6400XT and opaque conifer chamber 6400-22 with 6400-18 RGB light source; Li-Cor
Inc., Lincoln, NE, USA). Light-saturated net CO2 assimilation rates (A) were measured at
varying intercellular CO2 concentrations (Ci) to build A-Ci curves, using a PPFD
(photosynthetic photon flux density) of 1400 µmol photons m-2 s-1 and four leaf
temperatures (10, 20, 30 and 40 ºC). Since the vapor pressure deficit (VPD) increases
with air temperature, which reduces stomatal conductance (Lin et al., 2012), I moistened
the soda lime column at 40 ˚C to minimize stomatal closure associated with high VPDs.
The A-Ci curve was started once gas exchange was stable at a reference CO2 of 400 µmol
m-2; ambient CO2 concentrations (Ca) were then changed sequentially to 400, 200, 150,
100, 50, 400, 750, 1200, 1600 and 2000 and 400 µmol m-2. To achieve the targeted leaf
temperature, the potted seedling and the Li-Cor cuvette were placed inside a walk-in
growth chamber to ensure that the seedling was exposed to the same temperature as the
leaf in the cuvette. Seedlings were acclimated for ~30 min at each temperature before
starting measurements. After each A-Ci curve, the lights on the Li-6400XT and growth
chamber were switched off for 20 min to allow dark acclimation before recording dark
respiration (Rd). After Rd measurements, the lights were switched back on, the next
temperature was set, and leaves acclimated for ~40 min before starting A measurements
at the next temperature. I measured in five consecutive cycles, with each cycle
comprising measurements going from the 8T treatment down to 0T to distribute any
effects of growth temperature on developmental stage of the seedlings over the course of
the measurements.
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3.2.3

Parameterization of photosynthesis models

The C3 photosynthesis model by Farquhar et al. (1980) was used to estimate Vcmax and
Jmax from the A-Ci curves. Mesophyll conductance was not measured, therefore only
apparent Vcmax and Jmax based on Ci, rather than the CO2 concentration at the site of
carboxylation (Cc), are reported. Vcmax was calculated from:
A" =

V"%&' (C* − Γ ∗ )
− R9
O
/C* + K " 21 + 67
K5

[Equation 3.2]

where Vcmax is the maximum rate of Rubisco carboxylation, Ci and O are the intercellular
concentrations of CO2 and O2, respectively, Kc and Ko are the Michaelis-Menten
coefficients of Rubisco activity for CO2 and O2, respectively, G* is the CO2
compensation point in the absence of mitochondrial respiration, and Rl is leaf respiration
in the light.
Jmax was calculated from electron transport rates (J) using:
(C* − Γ ∗ )
J
AF = G J ×
− R9
(C* + 2Γ ∗ )
4

[Equation 3.3]

where J is the rate of electron transport. Jmax was then calculated by:
θJ N − (αQ + J%&' )J + αQJ%&' = 0

[Equation 3.4]

where Jmax is the potential rate of electron transport, q is the curvature of the light
response curve, a is the quantum yield of electron transport and Q is the photosynthetic
photon flux density. The values of q and a were fixed at 0.9 and 0.3 mol electrons mol-1
photon (Medlyn et al., 2002). Since the two species are cold-adapted, we used values of
Kc, Ko and Γ* from spinach, a cool-adapted C3 plant (Galmés et al., 2016). The thermal
sensitivity of Kc and Ko were modeled from Medlyn et al. (2002):
80 500(T] − 298)
K " = 274.6exp l
o
(298RT] )

[Equation 3.5]
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14 500(T] − 298)
K _ = 419.8exp l
o
(298RT] )

[Equation 3.6]

where Tk denotes the leaf temperature and R is the universal gas constant (8.314 J mol-1
K-1).
The Γ* was calculated based on (von Caemmerer, 2000):
Γ∗ =

0.5O
S"/_

[Equation 3.7]

where O is the air oxygen concentration (210 mmol mol-1) and Sc/o is the specificity of
Rubisco for carboxylation relative to oxygenation. The temperature sensitivity of Sc/o was
modeled from Medlyn et al. (2002):
S"/_ = 2.321 exp r−

29 000(T] − 298)
s
(298RT] )

[Equation 3.8]

which generated a Γ* at 25 ˚C of 45.2 (µmol mol-1), close to the 42.75 (µmol mol-1) value
measured for tobacco at 25 ˚C (Medlyn et al., 2002).

3.2.4

Modelling temperature responses of Asat, Vcmax, and Jmax

The temperature response of A at a Ca of 400 and 750 µmol mol-1 (only for EC-grown
seedlings) was fitted using a quadratic regression (Kroner & Way, 2016):
At&` = aT9u&v N + bT9u&v + c

[Equation 3.9]

where Asat represents net photosynthesis measured at saturating light intensity and growth
CO2, Tleaf is the measuring leaf temperature, and a, b and c are fitted constants. Maximum
rates of photosynthesis (Aopt) and the Topt of Asat were derived from Equation 9. The
temperature responses of Vcmax and Jmax were fitted using Equation 3.1 to derive values
for EaV, EaJ, ToptV, ToptJ, Vcmaxopt and Jmaxopt. The value of Hd value is fixed at 200 kJ mol-1
to avoid overparameterization (Medlyn et al., 2002; Kattge & Knorr, 2007).
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3.2.5

Leaf structural and chemical analyses

After gas exchange measurements, the needles from each of the five measured trees per
treatment were collected and half of each sample was oven-dried at 60 °C to a constant
mass, ground into fine powder with a Wiley mill (Thomas Scientific, Swedesboro, NJ,
USA), and analyzed for carbon and nitrogen content using an elemental analyzer (CarloErba NA-1500, Peypin, France). The other half of each sample was directly frozen in
liquid N2 and stored at -80 °C for quantification of chlorophyll.

3.2.6

Total leaf chlorophyll measurements

The chlorophyll concentration of each sample was measured by grinding needles in liquid
N2, extracting pigments in 100% methanol, and reading the absorption values at 666 nm
and 653 for Chla and Chlb, respectively. The pigment concentrations were determined as
outlined in Wellburn (1994).

3.2.7

Growth and biomass

At the end of the experiment, all remaining trees were harvested and dried at 60 °C to a
constant mass (n=12 – 16 for black spruce and n = 12 – 15 for tamarack except in AC8T,
where n=4). Roots, stem and needles were weighed separately to obtain the dry mass for
each component.

3.2.8

Statistical analyses

All data are reported as means ± SE. Two-way ANOVAs were used to analyze the main
effects of growth temperature and CO2, and their interactions, on temperature response
parameters of gas exchange (Figures 3.2 & 3.3), biomass traits (Figure 3.5) and leaf
biochemical traits (Figure 3.6). Two-way repeated measures ANOVAs were used to
analyze the main effects of growth temperature and CO2, and their interactions, on the
responses of A, gs, Ci/Ca, Vcmax, Jmax and Rd to changes in leaf temperature. For each
species, I measured five trees (n = 5) in each treatment. Post-hoc Tukey’s honest
significance tests were used to evaluate responses to individual combinations of CO2 and
temperature as indicated. All analyses were performed in R (version 3.5.2 (2018-12-20))
following protocols presented in Field et al. (2012).

75

3.3
3.3.1

Results
Experimental treatments

Air temperatures increased from May until mid-summer (maximum day temperature of
29 ˚C in the 0T treatment), decreasing in late summer to a minimum of 19 ˚C (Figure
3.1a). The warming treatments of +4 and +8 were successfully maintained. Mean CO2
concentrations were 407 ± 22 ppm and 750 ± 11 ppm in the AC and EC glasshouses,
respectively (Figure 3.1b).

Figure 3. 1: Environmental data in the six climate-controlled glasshouses. a) Air
temperature; and b) CO2 concentrations from the beginning of the experiment till
the start of the gas exchange data collection. Symbols represent growth CO2
concentration (ambient, AC = circle; elevated, EC = square); colors represent
growth temperature (ambient, 0T = white; ambient +4 ˚C, 4T = gray; ambient +8
˚C, 8T = black).
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3.3.2

Gas exchange measurements

In tamarack, temperature response curves of A measured at growth CO2 were altered by
both growth temperature and growth CO2 (Figure 3.2a; Table 3.1). Comparing the AC0T
and EC8T trees, future growth conditions and measurement CO2 concentrations greatly
stimulated A above 20 °C (Figure 3.2a). Maximum rates of A (Aopt) measured at the
growth CO2 increased in EC tamarack, but were not affected by warming (Table 3.2 &
3). The photosynthetic thermal optimum (ToptA) of tamarack increased with warming (0.5
and 0.65 ˚C per 1 ˚C warming for AC and EC, respectively), and was ~4 °C higher in EC
than AC treatments (Tables 3.2 & 3.3). In black spruce, the temperature response of A
was also altered by growth conditions (Figure 3.2b; Table 3.1): warming suppressed A,
while elevated CO2 stimulated A. While EC8T spruce had higher A above 35 ˚C than
AC0T trees, photosynthetic rates were comparable in the two treatments, even though A
was measured at high CO2 in the EC8T trees (Figure 3.2b). This was largely because Aopt
was 12-27% higher in EC than AC spruce, but was suppressed by warming (16-21% in
AC and 26-31% in EC) (Tables 3.3 & 3.4). The ToptA was increased by both growth at
warmer temperatures (0.41 and 0.36 ˚C per 1˚C warming, respectively for AC and EC)
and by ~3.6˚C by high CO2 in black spruce (Tables 3.2 & 3.4).
In tamarack, there was a trend for stomatal conductance (gs) to be higher in warm-grown
seedlings (p=0.09), with the greatest increases in gs occurring in 8T seedlings under
warm leaf temperatures (p=0.009; Figure 3.2c; Table 3.1). In contrast, in black spruce, gs
was reduced by both warming and CO2 (Figure 3.1d; Table 3.1). In both species, higher
growth and measurement CO2 increased Ci/Ca. Additionally, the impact of warming and
elevated CO2 on Ci/Ca varied with measurement temperature, with Ci/Ca converging at 40
°C (Figures 3.2e, f; Table 3.1).
In both species, dark respiration (Rd) decreased with warming, without any effect of CO2
(Figures 3.2g, h; Table 3.1), and Rd measured at 20 ˚C was suppressed in warm-grown
plants (Tables 3.2, 3.3 & 3.4). The Q10 was similar across all treatments in tamarack
(~1.7), but was reduced by warming in black spruce (Tables 3.2, 3.3 & 3.4).
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Table 3. 1: Summary report of the repeated-measures ANOVA in tamarack and
black spruce, showing F-values and p-values with leaf temperature (Tleaf), CO2 and
temperature treatments as the main effects and individual trees nested within each
CO2 and temperature combination as random effects. Traits analyzed were: A (net
CO2 assimilation rates); gs (stomatal conductance); Ci/Ca (ratio of intercellular to air
CO2 concentration); ln Rd (ln-transformed dark respiration rates); Vcmax (maximum
carboxylation rate of Rubisco); Jmax (maximum rate of electron transport). Bold
numbers represent p-value less than 0.05 (p <0.05), and italicized numbers are pvalues between 0.05 and 0.1 (0.05<p<0.1).
Tamarack

Black spruce

A

F value

p-value

F-value

p-value

Tleaf

7.7

0.006

0.4

0.5

CO2

26.9

<0.001

5.5

0.029

Temperature

2.2

0.13

6.6

0.0064

Tleaf:CO2

28.5

<0.0001

17.4

<0.0001

Tleaf:Temperature

9.5

0.0001

3.5

0.03

CO2:Temperature

2.9

0.07

1.02

0.4

Tleaf:CO2:Temperature

1.6

0.2

0.02

0.9

Tleaf

13.6

0.0003

3.3

0.07

CO2

0.05

0.8

5.5

0.03

Temperature

3.1

0.09

5

0.034

Tleaf:CO2

0.7

0.4

0.8

0.4

Tleaf:Temperature

7

0.009

4.3

0.04

CO2:Temperature

0.09

0.8

0.05

0.8

Tleaf:CO2:Temperature

0.005

0.9

7.02

0.009

gs

Ci/Ca
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Tleaf

14

0.0002

2.1

0.2

CO2

23.8

0.0001

18

0.0003

Temperature

18.9

0.0003

2.1

0.2

Tleaf:CO2

89.8

<0.0001

38.2

<0.0001

Tleaf:Temperature

18.9

<0.0001

4.7

0.03

CO2:Temperature

0.06

0.8

0.003

0.9

Tleaf:CO2:Temperature

0.5

0.5

1.9

0.2

Tleaf

3471

<0.0001

7995

<0.0001

CO2

0.23

0.6

0.4

0.5

Temperature

22.1

0.0001

23

0.0001

Tleaf:CO2

0.042

0.8

0

0.9

Tleaf:Temperature

0.01

0.9

6.3

0.013

CO2:Temperature

0.14

0.7

0.001

0.9

Tleaf:CO2:Temperature

1.5

0.2

0.2

0.6

Tleaf

643.6

<0.0001

477

<0.0001

CO2

0.3

0.6

0.14

0.7

Temperature

3.9

0.062

7.6

0.011

Tleaf:CO2

0.3

0.6

0.02

0.9

Tleaf:Temperature

0.098

0.7

0.9

0.3

CO2:Temperature

0.13

0.7

0.01

0.9

Tleaf:CO2:Temperature

0.9

0.3

0.08

0.8

Tleaf

135.6

<0.0001

27.6

<0.0001

CO2

0.04

0.8

0.014

0.9

ln Rd

Vcmax

Jmax

79

Temperature

13.6

0.0013

11.2

0.003

Tleaf:CO2

0.0017

0.9

0.007

0.9

Tleaf:Temperature

1.14

0.3

3

0.09

CO2:Temperature

0.023

0.9

0.02

0.9

Tleaf:CO2:Temperature

1.1

0.3

0.9

0.3
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Table 3. 2: Photosynthetic and respiratory traits measured in this study in tamarack and black spruce seedlings grown under
ambient CO2 (AC) or elevated CO2 (EC) at either ambient temperatures (0T), ambient +4 °C (4T), or ambient +8 °C (8T). Net
CO2 assimilation rate at the thermal optimum (Aopt, µmol m-2 s-1); thermal optimum of net CO2 assimilation (ToptA, ˚C); dark
respiration rates measured at 20 ˚C (Rd20, µmol m-2 s-1); the change in Rd per 10 ˚C increase in temperature (Q10); maximum
carboxylation rates of Rubisco at the thermal optimum (Vcmaxopt, µmol m-2 s-1); maximum electron transport rate at the
thermal optimum (Jmaxopt, µmol m-2 s-1); thermal optimum of Vcmax (ToptV, ˚C); thermal optimum of Jmax (ToptJ, ˚C); activation
energy of Vcmax (Eav); activation energy of Jmax (EaJ); Vcmax (Vcmax20, µmol m-2 s-1) and Jmax (Jmax20, µmol m-2 s-1) measured at 20
˚C and the ratio of Jmax20 to Vcmax20 (Jmax20/Vcmax20). Means ± SE, n = 5. Letters after each value represent group comparisons
across the six temperature and CO2 treatments generated from a Tukey post-hoc test (p<0.05).

Tamarack

AC0T

AC4T

AC8T

EC0T

EC4T

EC8T

Aopt

13.9±0.8 a

14.4±0.7 ab

13.1±0.9 a

23.2±2.6 c

16.9±2.5 abc

21.2±1.2 bc

ToptA

21.2±1.7 a

23.5±1 ab

25.3±0.3 ab

24.9±1.1 ab

27.6±0.6 bc

30±0.4 c

Rd20

1.3±0.2 ab

1.2±0.2 ab

0.6±0.06 a

1.5±0.09 b

0.9±0.2 ab

0.7±0.1 a

Q10

1.8±0.06 a

1.7±0.015 a

1.7±0.08 a

1.7±0.02 a

1.7±0.09 a

1.7±0.07 a

Vcmaxopt

93.9±9.5 a

79.5±7.9 a

79.7±8.2 a

88.6±14.9 a

67.4±18.9 a

85.1±10.2 a

ToptV

38.6±0.9 a

38.1±0.6 a

37.9±0.4 a

39.8±0.8 a

38.9±0.7 a

39.4±0.5 a

Jmaxopt

168±14 a

128±7 a

116±16 a

164±21 a

126±33 a

128±17 a

ToptJ

33±0.3 ab

33±0.2 abc

34.9±0.4 cd

32.9±0.2 a

34.3±0.1 bcd

35.2±0.3 d
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Black
spruce

EaV

47±4 ab

53±5 abc

66±3 c

40±4 a

51±1.4 a

60±2 a

EaJ

30±4 ab

32±4 ab

40±3 b

23±3 a

37±1 b

38±2 b

Vcmax20

39±2 a

30±2 a

26±4 a

39±4 a

25±6 a

27±3 a

Jmax20

123±6 bc

90±6 abc

70±12 a

131±10 c

78±19 ab

78±10 ab

Jmax20/Vcmax20

3.2±0.1 bc

2.9±0.1 ab

2.6±0.06 a

3.5±0.09 c

3.2±0.02 bc

2.9±0.09 ab

Aopt

15.7±0.9 ab

13.0±0.7 a

12.3±1.7 a

21.7±1.9 b

14.9±2 ab

15.9±2.6 ab

ToptA

21.4±0.8 a

22.9±0.8 ab

24.7±0.5 bc

25.3±0.4 bc

26.5±0.5 cd

28.1±0.5 d

Rd20

1.2±0.3 a

0.8±0.09 a

0.80±0.06 a

1.2±0.2 a

0.7±0.1 a

0.74±0.06 a

Q10

1.82±0.01 a

1.78±0.03 a

1.70±0.02 a

1.80±0.05 a

1.70±0.05 a

1.70±0.05 a

Vcmaxopt

64.4±7.9 a

58.6±1.9 a

49.3±7.9 a

69.8±9.2 a

42±8 a

55±6 a

ToptV

36±1 a

36±1 a

37±1 a

39±2 a

36±1 a

39±1 a

Jmaxopt

121±17 a

101±4.9 a

78±10 a

126±19 a

75±16 a

89±9 a

ToptJ

31.3±0.4 a

31.8±0.3 a

33.7±0.4 ab

31±0.2 a

31.2±1.2 a

34.8±0.7 b

EaV

46±3 a

51±7 a

57±5 a

39±3 a

50±4 a

53±3 a

EaJ

23±2 a

23±4 a

30±5 a

15±2 a

26±4 a

29±5 a

Vcmax20

31±3 a

27±1 a

20±3 a

33±5 a

20±4 a

20±2 a

Jmax20

106±15 ab

86±5 ab

59±12 a

116±16 b

64±13 ab

65±9 ab
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Jmax20/Vcmax20

3.4±0.2 a

3.3±0.2 a

2.9±0.2 a

3.50±0.05 a

3.3±0.2 a

3.15±0.13 a
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Table 3. 3: Summary report of ANOVA of CO2 and temperature treatments in
tamarack on gas exchange parameters, photosynthetic capacity, plant biomass and
biochemical traits. Net CO2 assimilation rate at the thermal optimum (Aopt, µmol m2 -1

s ); thermal optimum of net CO2 assimilation (ToptA, ˚C); dark respiration rates

measured at 20 ˚C (Rd20, µmol m-2 s-1); the change in Rd per 10 ˚C increase in
temperature (Q10); maximum carboxylation rates of Rubisco at the thermal
optimum (Vcmaxopt, µmol m-2 s-1); maximum electron transport rate at the thermal
optimum (Jmaxopt, µmol m-2 s-1); thermal optimum of Vcmax (ToptV, ˚C); thermal
optimum of Jmax (ToptJ, ˚C); activation energy of Vcmax (Eav); activation energy of
Jmax (EaJ); Vcmax (Vcmax20, µmol m-2 s-1) and Jmax (Jmax20, µmol m-2 s-1) measured at 20
˚C; the ratio of Jmax20 to Vcmax20 (Jmax20/Vcmax20); total biomass allocated to roots
(Root mass ratio); stem (Stem mass ratio); and leaf (leaf mass ratio); leaf mass on
mass basis (LMA, g m-2); leaf nitrogen per unit leaf area (Na, g m-2); chlorophyll a
(Chla, g m-2), chlorophyll b (Chlb, g m-2), and carotenoid concentrations (g m-2). Bold
numbers represent p-value less than 0.05 (p <0.05), and bold and italicized are pvalues between 0.05 and 0.1 (0.05<p<0.1).
Temperature

CO2

Temperature x CO2

Temperature response of gas
exchange

F value

p value

F value

p value

F value

p value

Aopt

1.6

0.2

24.9

0.0001

2.4

0.1

ToptA

10.5

0.0005

25.9

<0.0001

0.14

0.9

TmaxA

9.8

0.00075

28.2

<0.0001

5.1

0.014

Rd20

11.4

0.0004

0.015

0.9

1.9

0.17

Q10

0.3

0.8

0.04

0.8

0.6

0.6

Temperature response of photosynthetic capacity
Vcmaxopt

1

0.4

0.2

0.7

0.3

0.8

ToptV

0.6

0.6

4.8

0.04

0.1

0.9

Jmaxopt

2.9

0.07

0.009

0.9

0.09

0.9

ToptJ

23

<0.0001

0.1

0.8

1.2

0.3
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EaV

14

<0.0001

2.9

0.09

0.3

0.7

EaJ

9

0.0012

0.3

0.6

1.9

0.2

Vcmax20

5.9

0.008

0.3

0.6

0.4

0.7

Jmax20

12

0.0002

0.035

0.9

0.5

0.6

Jmax20 : Vcmax20

12.8

0.0002

9.3

0.006

0.03

0.9

Total biomass

5

0.0099

0.02

0.9

1.6

0.2

Root mass ratio

4.3

0.017

0.7

0.4

1.4

0.2

Stem mass ratio

1.4

0.3

1.2

0.3

0.015

0.9

Leaf mass ratio

5.7

0.005

0.3

0.6

2.7

0.07

LMA

7.4

0.0014

0.8

0.4

1.5

0.2

Na

12.4

<0.0001

0.6

0.5

2

0.1

Chla

1.1

0.3

0.12

0.7

0.4

0.7

Chlb

0.6

0.5

0.1

0.7

0.6

0.5

Carotenoid

2.3

0.1

0.1

0.7

0.1

0.8

Plant biomass traits

Biochemical traits

Table 3. 4: Summary report of ANOVA of CO2 and temperature treatments in
black spruce on gas exchange parameters, photosynthetic capacity, plant biomass
and biochemical traits. Net CO2 assimilation rate at the thermal optimum (Aopt,
µmol m-2 s-1), thermal optimum of net CO2 assimilation (ToptA, ˚C), dark respiration
rates measured at 20 ˚C (Rd20, µmol m-2 s-1), the change in Rd per 10 ˚C increase in
temperature (Q10), maximum carboxylation rates of Rubisco at the thermal
optimum (Vcmaxopt, µmol m-2 s-1), maximum electron transport rate at the thermal
optimum (Jmaxopt, µmol m-2 s-1); thermal optimum of Vcmax (ToptV, ˚C); thermal
optimum of Jmax (ToptJ, ˚C); activation energy of Vcmax (Eav), activation energy of
Jmax (EaJ); Vcmax (Vcmax20, µmol m-2 s-1) and Jmax (Jmax20, µmol m-2 s-1) measured at 20
˚C; the ratio of Jmax20 to Vcmax20 (Jmax20/Vcmax20); total biomass allocated to roots
(Root mass ratio); stem (Stem mass ratio); and leaf (leaf mass ratio); leaf mass on
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mass basis (LMA, g m-2); leaf nitrogen per unit leaf area (Na, g m-2); chlorophyll a
(Chla, g m-2), chlorophyll b (Chlb, g m-2), and carotenoid concentrations (g m-2). Bold
numbers represent p-value less than 0.05 (p <0.05), and bold and italicized are pvalues between 0.05 and 0.1 (0.05<p<0.1).
Temperature

CO2

Temperature x CO2

Temperature response of
gas exchange

F value

p value

F value

p value

F value

p value

Aopt

4.6

0.02

6.7

0.016

0.7

0.5

ToptA

13.3

0.00012

53.7

<0.0001

0.075

0.9

Rd20

3.9

0.034

0.1

0.8

0.07

0.9

Q10

4.6

0.02

0.2

0.6

1.5

0.3

Temperature response of photosynthetic capacity
Vcmaxopt

3.3

0.05

0.1

0.7

1.6

0.2

ToptV

1.8

0.2

1.8

0.2

1.4

0.3

Jmaxopt

5

0.015

0.09

0.8

1

0.4

ToptJ

14.8

<0.0001

0.03

0.9

1.1

0.3

EaV

3.9

0.03

1.3

0.3

0.3

0.7

EaJ

3.7

0.038

0.4

0.6

0.9

0.4

Vcmax20

7.6

0.0027

0.3

0.6

1.2

0.3

Jmax20

8.2

0.002

0.05

0.8

1

0.4

Jmax20 : Vcmax20

3.4

0.05

0.5

0.5

0.1

0.9

Total biomass

52.5

<0.0001

52.6

<0.0001

22

<0.0001

Root mass ratio

11

<0.0001

1.4

0.2

2.2

0.1

Stem mass ratio

3.9

0.023

0.009

0.9

0.3

0.8

Leaf mass ratio

14

<0.0001

1.8

0.2

1.6

0.2

LMA

7.2

0.0017

2.3

0.13

0.9

0.4

Plant biomass traits

Biochemical traits
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Na

13.9

<0.0001

0.8

0.4

1.8

0.2

Chla

9.5

0.001

0.5

0.5

3.6

0.04

Chlb

5.6

0.0108

0.2

0.7

1.5

0.2

Carotenoids

10.7

0.0005

1.5

0.2

4

0.03

Figure 3. 2: Responses of gas exchange parameters to leaf temperature in tamarack
and black spruce grown under different CO2 and temperature treatments. a, b) Net
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CO2 assimilation rates (Anet, µmol m-2 s-1); c, d) stomatal conductance (gs, mol m-2 s1

); e, f) the ratio between intercellular and air CO2 concentration (Ci/Ca); g, h) ln-

transformed dark respiration rates (Rd, µmol m-2 s-1). Measurements of Anet were
conducted at a CO2 of 400 and 750 ppm for AC and EC treatments, respectively.
Measurements of Rd were taken at 400 ppm only. Lines represent regression lines
for growth CO2 (AC = solid; EC = dashed lines). Symbols represent growth CO2
(AC = circle; EC = triangle). Colors represent growth temperature (0T = blue; 4T =
orange; 8T = red). Means ± standard error. n = 5.

3.3.3

Photosynthetic capacity

In tamarack, the temperature response curve of Vcmax was not altered by the treatments,
though there was a trend for lower Vcmax in warm-grown trees (p=0.062) (Figure 3.3a;
Table 3.1). The leaf temperature at which tamarack Vcmax was highest (ToptV) was
increased by elevated CO2, but values of Vcmax at its thermal optimum (Vcmaxopt) were not
affected by either CO2 or temperature (Tables 3.2 & 3.3). In contrast, in black spruce,
Vcmax was reduced by warming (Figure 3.3b; Table 3.1). In addition, the Vcmaxopt was
reduced 41% by warming, but the ToptV remained unchanged by the treatments (Tables
3.2 & 3.4). In both species, Jmax was reduced by warming, without any effect of growth
CO2 (Figures 3.3c, d; Table 3.1), while the ToptJ in both species acclimated to warming
(0.25 to 0.38 ˚C increase per 1 ˚C of warming). Jmaxopt was reduced 32% by warming in
black spruce (Tables 3.2 & 3.4), whereas in tamarack, there was a trend for lower Jmaxopt
in warm-grown seedlings (p = 0.07; -26%; Table 3.2).
The activation energies for Vcmax and Jmax increased with warming (EaV, 2.4 and 1.5 kJ
mol-1 ˚C-1; EaJ, 1.6 and 1.25 kJ mol-1 ˚C-1 in tamarack and black spruce, respectively)
without any CO2 effects (Tables 3.2, 3.3 & 3.4). The optimum temperature and activation
energy for Jmax were consistently lower (ToptJ: 33 ˚C; EaJ: 30 kJ mol-1) than those of Vcmax
(ToptV: 38 ˚C; EaV: 52 kJ mol-1) (Table 3.2).

88

Figure 3. 3: Temperature responses of photosynthetic capacity in tamarack and
black spruce grown under different CO2 and temperature treatments. a, b)
Maximum carboxylation rates of Rubisco (Vcmax, µmol m-2 s-1) and c, d) maximum
electron transport rates (Jmax, µmol m-2 s-1). Lines represent regression lines for
growth CO2 (AC = solid; EC = dashed lines). Symbols represent growth CO2 (AC =
circle; EC = triangle). Colors represent growth temperature (0T = blue; 4T =
orange; 8T = red). Means ± standard error. n = 5.

3.3.4

Relationships between photosynthetic parameters

In both species, Vcmax20 and Jmax20 were reduced by warming, without any CO2 effect
(Tables 3.2, 3.3 & 3.4). The ratio between Jmax20 and Vcmax20 indicates the balance
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between these two biochemical processes at a moderate leaf temperature. In tamarack,
Jmax20/Vcmax20 was affected by both warming and growth CO2, but without an interaction,
such that the ratio was higher in EC plants, and decreased with warming (Tables 3.2 &
3.3). In black spruce, Jmax20/Vcmax20 was only affected by growth temperature, and
declined with warming (Tables 3.2 & 3.4).
In both species, ToptA was positively correlated with both EaV (0.1 - 0.25 ˚C per 1 kJ mol1

) and EaJ (0.11 - 0.24 ˚C per 1 kJ mol-1) across the warming treatments, but negatively

correlated with Jmax20/Vcmax20 (Figure 3.4). In addition, there was an elevated CO2 effect,
such that the intercepts of these relationships was higher in EC compared to AC seedlings
(Figure 3.4; SI Table 3.1).
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Figure 3. 4: The temperature optimum of net photosynthesis (ToptA, ˚C) as a function
of the activation energy of a, b) the maximum Rubisco carboxylation rate (EaV, kJ
mol-1); c, d) the maximum electron transport rate (EaJ, kJ mol-1); and as function of
e, f) the ratio of the maximum electron transport rate to maximum Rubisco
carboxylation rate measured at 20 ˚C (Jmax20/Vcmax20) in tamarack (a, c, e) and black
spruce (b, d, f). Lines represent regression lines for growth CO2 (AC = solid; EC =
dashed lines). Symbols represent growth CO2 (AC = circle; EC = triangle). Colors
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represent growth temperature (0T = light pink; 4T = orange; 8T = red). Each data
point represents an individual tree.

3.3.5

Biomass and allocation

In tamarack, warming significantly affected biomass, without any CO2 effect. Trees in 4T
had the highest biomass compared to the 0T (+81% in AC and +29 % in EC) and 8T
seedlings. However, trees grown under 8T were the smallest: AC8T trees had 44% less
biomass than AC0T, and EC8T seedlings were 30% smaller than EC0T trees (Figure
3.5a; Table 3.3). In black spruce, there was an interaction of growth CO2 and temperature
on total biomass, such that warming consistently reduced biomass, and this decline was
more pronounced in EC-grown plants compared to their AC counterparts. (Figure 3.5b;
Table 3.4). In AC, 4T and 8T seedlings were 33% and 63% smaller than 0T trees. In the
EC treatments, 4T and 8T trees were 65% and 82% smaller compared to 0T controls.
Nevertheless, EC-grown spruce had higher biomass compared to AC spruce for the same
temperature treatment (Figure 3.5b; Table 3.4).
In both species, the proportion of mass allocated to roots declined with warming (20% in
tamarack and 11% in black spruce, 8T compared to 0T) (Figures 3.5c, d; Tables 3.3 &
3.4). In tamarack, the proportion of biomass allocated to stems did not differ across
warming and CO2 treatments (Figure 3.5e; Table 3.3). In contrast, the proportion of
biomass allocated to stems was lowest in 4T spruce (~25 % of either 0T and 8T) (Figure
3.5f; Table 3.4). In both species, the proportion of biomass allocated to needles increased
with warming, without any CO2 effect (Figures 3.5g, h; Tables 3.3 & 3.4). Leaf mass per
unit area (LMA) was decreased by warming in both species, without a CO2 effect
(Figures 3.5 i, h; Tables 3.3 & 3.4).
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Figure 3. 5: Total plant biomass and allocation responses to CO2 and temperature
treatments in tamarack (a, c, e, g, i) and black spruce (b, d, f, h, j). a, b) Total
seedling biomass; c, d) the proportion of total plant biomass allocated to roots (Root
mass ratio); e,f ) stem (Stem mass ratio); and g, h) needles (Needle mass ratio); and
i, j) the leaf mass per unit leaf area (LMA). Colors represent growth temperature
(0T = white; 4T = gray; 8T = black); AC = ambient CO2, EC = elevated CO2; Means
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± standard error. Different letters on bars represent differences across the six

treatment (Tukey post-hoc test, p<0.05). n = 5 for a - h, and n = 10 for i & j.

3.3.6

Biochemical traits

In both species, leaf nitrogen per unit leaf area (Na) declined with warming (18 – 44% in
tamarack and 14 – 38% in spruce; Figures 3.6 a, b; Tables 3.3 & 3.4). This decline in Na
was not solely driven by declines in LMA, since nitrogen on a mass basis also decreased
with warming (SI Figure 3.1). In tamarack, Chla, Chlb and carotenoid concentrations per
unit leaf area did not vary across the treatments (Figures 3.6 c, e, g; Table 3.3). In
contrast, in black spruce, Chla declined with warming (3 – 51%), as did Chlb (7 – 53%)
and carotenoid (8 – 55%) concentrations per unit leaf area (Figures 3.6 b, d, f, h; Table
3.4). There was a warming by CO2 interaction for Chla and carotenoid concentrations in
spruce, such that the warming-induced decline was larger in EC than AC trees (Figures
3.6 d, h; Table 3.3).
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Figure 3. 6: Biochemical trait responses to CO2 and temperature treatments in
tamarack (a, c, e, g) and black spruce (b, d, f, h). a, b) Leaf nitrogen per unit leaf
area (Na, gm-2); c, d) chlorophyll a (Chla, g m-2); e, f) chlorophyll b (Chlb, g m-2); and
g, h) total carotenoid concentrations (g m-2) on a leaf area basis. Colors represent
growth temperature (0T = white; 4T = gray; 8T = black). AC = ambient CO2, EC =
elevated CO2. Means ± standard error. Different letters on bars represent
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differences across the six treatment (Tukey post-hoc test, p<0.05). n = 5 for c - h,
and n = 10 for a & b.

3.4

Discussion

I grew two North American boreal tree species under a range of air temperatures and
atmospheric CO2 conditions predicted for the middle and end of the 21st century for high
latitude regions, and assessed how their performance might be impacted. In support of
my first hypothesis, when measured at their respective growth CO2, A of EC-grown
seedlings was stimulated compared to AC-grown trees, but the stimulation was stronger
in tamarack than spruce. In response to warming, A was constant in tamarack, while it
declined in spruce. These contrasting responses of A to the treatments between species
were mainly driven by differential responses of stomatal conductance (gs) to the
treatments, with gs showing a tendency to increase with warming in tamarack, while it
declined in spruce. The gs also declined in EC-grown seedlings in spruce, but was similar
in both AC- and EC-grown seedlings in tamarack. Photosynthetic capacity was reduced
by warming, coincident with reductions in leaf N, and was unaffected by growth CO2,
contradicting my second hypothesis which predicted the opposite of these treatments
effects. In support of my third and last hypotheses, Rd was reduced by warming in both
species, while seedling growth responded positively to moderate warming in tamarack,
but negatively to warming in spruce, and extreme warming suppressed growth in both
species.
In this study, growth temperature and CO2 conditions both impacted A, but these effects
differed between the two species. As expected, A measured at the growth CO2 was
stimulated by the elevated CO2 treatments. However, the stimulation of A by elevated
CO2 was less pronounced in spruce compared to tamarack due to a reduction of gs in EC
spruce, a response not seen in tamarack. Warming also had contrasting impacts on A
between the two species. In tamarack, A was largely unaffected by warming (i.e.
compare AC0T, AC4T, AC8T in Figure 2a), but A was significantly reduced in warmgrown spruce. Furthermore, Aopt in tamarack was not affected by warming (see Table
3.2), while it decreased in 4T and 8T spruce. As with the photosynthetic response to CO2,
these contrasting responses of A to warming were partly explained by gs. In tamarack, gs
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tended to be higher in warm-grown plants, while in spruce, gs decreased with warming.
These gs responses in tamarack, especially at measurement temperatures <30 ˚C, reduced
stomatal limitations to CO2 diffusion for carboxylation. However, in spruce in the same
leaf temperature range, warming induced stomatal closure, which was linked with
reductions in A.
The combined stomatal-photosynthesis model assumes that, under rising growth CO2, gs
should decline to maintain a constant Ci/Ca and thus stimulate plant water-savings
(Gedney et al., 2006; Luo et al., 2008; Medlyn et al., 2011). In contrast to this
assumption, Ci/Ca increased in EC-grown seedlings, even in spruce, where gs declined in
high CO2-grown trees. This may indicate that the EC-induced reduction in gs was not
strong enough to limit an increase in Ci/Ca with elevated CO2 (as also observed in
Kellomaki & Wang, 1996), or it may relate to the suppression of photosynthetic demand
for CO2 in warm-grown seedlings. The responses of gs in seedlings of both species in my
glasshouse experiment add to a growing number of studies from field-grown trees
(mainly mature) that suggest that conifers have a weak stomatal response to elevated CO2
(Medlyn et al., 2001; Hasper et al., 2016; Lamba et al., 2018). Altogether, these findings
suggest that weak gs response to high CO2 may be a common feature of conifers
regardless of their ontogenetic stages and type of experimental manipulation. Previous
studies showed that photosynthesis in black spruce responds negatively to warming, and
the reasons for these declines include warming-induced reductions in photosynthetic
capacity (Way & Sage, 2008a), decreased soil water availability and associated stomatal
closure, and increased respiration rates (Girardin et al., 2014; Marchand et al., 2019). My
results highlight that warming-induced stomatal closure can occur in the absence of water
limitation. Similarly, warming induced stomatal closure in congeneric, mature Norway
spruce growing in its natural habitat (Lamba et al., 2018), suggesting that reductions in gs
may contribute to the observed reduction in carbon gain and growth in black spruce
across North America (Marchand et al., 2019), an effect likely exacerbated by soil water
limitations (Girardin et al., 2014, 2016b,a).
Warming and elevated CO2 can have compounding effects on gs since both elevated CO2
and increased VPD induce stomatal closure (Dusenge et al., 2019). I observed this effect
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in spruce, where declines in gs due to both warming and elevated CO2 resulted in
comparable carbon gain between seedlings grown under current (AC0T) and future
climate conditions (EC8T), even when measured at their respective growth CO2. While it
is generally assumed that boreal forests are temperature limited (Huang et al., 2019), and
might thus benefit from future climate warming and CO2 fertilization (Stinziano & Way,
2014), those responses have not been observed so far in black spruce (Girardin et al.,
2016a; Marchand et al., 2019). My results imply that stomatal responses (among other
factors, such as nutrient and water availability) could dictate the long-term trajectory of
boreal forest productivity in future climates. Therefore, information on the acclimation of
gs to temperature should be considered when projecting the impact of climate warming on
northern forest carbon gain.
Acclimation of photosynthesis to elevated temperatures usually involves a shift of ToptA
to higher temperatures (Berry & Bjorkman, 1980; Way & Sage, 2008b; Way & Yamori,
2014; Yamori et al., 2014; Sendall et al., 2015; Zhang et al., 2015; Kroner & Way, 2016;
Kumarathunge et al., 2019). In addition, ToptA should also increase with elevated CO2 due
to a suppression of photorespiration under high measurement CO2 (Sage & Kubien, 2007;
Wujeska-Klause et al., 2019). In both species, ToptA increased with warming, and was
higher in EC-grown plants. In field-grown, North American broadleaved temperate and
boreal tree species subjected to a 2.9 ˚C warming, ToptA increased by 1.1 ˚C ˚C-1 (Sendall
et al., 2015). In my current study, where species were subject to a warming of up to 8 ˚C,
ToptA only shifted by 0.36-0.65 ˚C ˚C-1. Furthermore, in two dominant European conifer
species, Piceas abies and Pinus sylvestris, under similar treatments as in my study, ToptA
did not even shift with warming (Kurepin et al., 2018). Therefore, results from both
North America and European boreal conifers suggest that conifers may have a limited
physiological capacity to shift their ToptA enough to keep track with warming predicted
for future climates (Way, 2019). However, plants do not necessarily have to adjust their
Topt to acclimate fully to warming (Way & Yamori, 2014; Yamori et al., 2014). Thermal
acclimation should improve (or at least maintain) carbon gain under warmer growth
temperatures (Way & Yamori, 2014). Therefore, A measured at the growth temperature
provides an even better estimate of photosynthetic performance (Way & Yamori, 2014;
Dusenge et al., 2019). Comparing seedlings grown in either current (AC0T) or future
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climate scenario (EC8T), I observed comparable rates of A experienced by plants during
a typical growing season (15 – 30 ˚C). The shift of Topt to higher leaf temperatures
observed in EC8T, although small, resulted in higher photosynthetic performance at
temperatures >35 ˚C. Because climate change is predicted to be accompanied by
increased frequency of extreme heat events (IPCC 2013), the shift in Topt may enhance
survival of these species as a result of improved carbon gain during extreme heat events
compared to non-acclimated plants.
Warming imposed a strong effect on photosynthetic physiology, but there were few CO2
effects in either species. In contrast to my hypothesis, Vcmax and Jmax at 20 ˚C were
significantly reduced by warming, while being unaffected by elevated CO2. These
findings contrast with results from mature Picea abies, which acclimated Vcmax to
elevated CO2, and showed no warming effect (Lamba et al., 2018). The responses of
photosynthetic capacity observed in my study were likely due to declines of leaf N to
warming (14 – 44%). In spruce, these reductions in leaf N were also correlated with
declines in Chla, Chlb, and carotenoid concentrations. While, leaf N usually correlates
with photosynthetic capacity (Kattge et al., 2009), and the mechanisms underlying the
response of leaf N to elevated CO2 and subsequent effects on photosynthetic capacity are
relatively well characterized (Ainsworth & Long, 2005; Duarte et al. in review), the
mechanistic responses of leaf N to warming are not fully understood (Duarte et al. in
review). While many studies report little or no effect of warming on basal rates of
photosynthetic capacity (Kattge & Knorr, 2007; Way & Oren, 2010; Kumarathunge et
al., 2019), when declines in these rates are observed, these are usually correlated with
declines in leaf N and Rubisco (Way & Sage, 2008a,b; Scafaro et al., 2017; Crous et al.,
2018). Furthermore, reduced pigment concentrations in my study provide further
evidence for reductions in RuBP regeneration capacity, particularly in spruce.
The Jmax/Vcmax declined with warming in both species, but was higher in EC- compared to
AC-grown plants in tamarack. Because both Vcmax20 and Jmax20 were reduced by warming,
the decline in their ratio was due to a greater decline of Jmax20 relative to Vcmax20. The
warming-induced reduction in Jmax/Vcmax at a given temperature is common (Yamori et
al., 2005; Kattge & Knorr, 2007; Dusenge et al., 2015; Crous et al., 2018; Kumarathunge
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et al., 2019), and may be linked to changes in N partitioning within the photosynthetic
machinery (i.e., Rubisco carboxylation vs RuBP regeneration processes) (Hikosaka et al.,
2006; Scafaro et al., 2017; Yin et al., 2019). Although, I did not measure N partitioning
per se, the ratio of Vcmax20/Na (data not shown) was not affected by growth temperature in
either species, suggesting that there was no re-allocation of leaf N between RuBP
regeneration and Rubisco carboxylation. Thus, the stronger declines of Jmax might be due
to warming-induced suppression of electron transport rates. My results imply that thermal
acclimation of photosynthesis in these boreal conifer seedlings is constrained by their
ability to acclimate the electron transport machinery, which is highly temperature
sensitive due to its dependence on thylakoid membrane stability (Sage & Kubien, 2007).
The temperature sensitivity parameters of photosynthetic capacity were affected by
warming, with weak CO2 effects. In my study, the activation energies of Vcmax (EaV) and
Jmax (EaJ) and the thermal optimum of Jmax (ToptJ) increased with warming (also seen in
other species: Hikosaka et al., 2006; Yamaguchi et al., 2016; Crous et al., 2018;
Kumarathunge et al., 2019; Yin et al., 2019), but were not affected by CO2. The ToptV
was, however, significantly higher in elevated CO2 treatments. These thermal
adjustments in the photosynthetic biochemistry act to improve the net carbon uptake in a
warmer environment (Kumarathunge et al., 2019), and these adjustments may result from
several mechanisms such as increased heat-stable Rubisco activase (Crafts-Brandner et
al., 1997; Law & Crafts-Brandner, 2001; Law et al., 2001), increased membrane integrity
by increasing the proportion of membrane saturated fatty acids (Murakami et al., 2000;
Yamori et al., 2014) and increase in mesophyll conductance (Evans & von Caemmerer,
2013; von Caemmerer & Evans, 2015) with warming. In my study, the ToptA was
significantly correlated with EaV and EaJ in both species (also recently observed in
Kumarathunge et al., 2019; Yamaguchi et al., 2019). Furthermore, ToptA was negatively
correlated with Jmax20/Vcmax20 (also observed in Kumarathunge et al., 2019). A higher
Jmax/Vcmax indicates photosynthesis is limited by Rubisco carboxylation rates
(Kumarathunge et al., 2019). Therefore, my results suggest that with warming,
photosynthesis in my study species became increasingly limited by RuBP regeneration
rate. The temperature dependences of Rubisco carboxylation and RuBP regeneration are
inherently different, and ToptV should theoretically be lower than ToptJ (Sage & Kubien,
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2007). Additionally, ToptA should potentially be regulated by the process with the lowest
Topt (Ghannoum et al., 2010). However, my findings show the opposite: ToptJ was ~5 ˚C
lower than the ToptV in both species, conflicting with what theory proposes, and therefore,
my results suggest that photosynthesis in these species was strongly limited by Jmax.
These results echo data from Vårhammar et al. (2015), who also found that ToptJ was 5 –
7 ˚C lower than ToptV in cold-adapted tropical montane rainforest seedlings. Altogether,
these findings suggest that in cold-adapted species, such as those from boreal and highaltitude areas, photosynthetic acclimation to warming will strongly depend on their
ability to adjust electron transport capacity.
Thermal acclimation of Rd is common across species from different plant functional types
and biomes (Slot & Kitajima, 2015). In my study species, Rd acclimated to warming (also
observed in other boreal forest species: Tjoelker et al., 1999; Zhang et al., 2015; Reich et
al., 2016; Kroner & Way, 2016; Wei et al., 2017; Benomar et al., 2017; Kurepin et al.,
2018), and was not affected by elevated CO2 (also seen in other boreal conifer species:
Kroner & Way, 2016; Kurepin et al., 2018). The reduction in Rd is correlated with
decreased leaf N (Tjoelker et al., 1999). The Q10 was constant across the treatments in
tamarack (also reported in other boreal conifers: Tjoelker et al., 1999; Kroner & Way,
2016; Kurepin et al., 2018), and was slightly reduced in black spruce. There is currently
no consensus on the effect of CO2 on Rd (Way et al., 2015; Dusenge et al., 2019). In my
study, as well as a few other boreal conifer species (Kroner & Way, 2016; Kurepin et al.,
2018), no effect of CO2 has so far been seen on Rd. In contrast to these findings, others
studies in boreal conifers trees exposed to elevated CO2 exhibited stimulated Rd due to
increased carbohydrates and phloem loading in elevated CO2-exposed plants (Roberntz &
Stockfors, 1998; Tjoelker et al., 1999; Lamba et al., 2018). In my study, we observed
stimulated A under elevated CO2, suggesting increased carbohydrate production, but this
did not result in stimulated Rd. Tjoelker et al. (1999) suggested that the CO2-induced
reduction in leaf N observed in their study partially offset the stimulation of Rd due to
increased carbohydrates in elevated CO2-grown plants. In my study, it is possible that the
observed warming-induced decline in leaf N was strong enough to offset completely any
effect of increased carbohydrates produced in EC to stimulate Rd.
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The treatments had contrasting effects on growth between tamarack and spruce. In
tamarack, there was no effect of elevated CO2 on total plant biomass, while warming
significantly altered growth, with 4T-grown tamarack having the highest biomass. In
contrast, elevated CO2 stimulated spruce biomass, while warming consistently suppressed
total biomass, but with a stronger decline in EC-grown plants compared AC-grown
plants. My results in tamarack are in line with the assumption that growth in high latitude
plants is currently temperature-limited and that moderate warming should stimulate
productivity (Stinziano & Way, 2014; Huang et al., 2019). However, my results also
broadly suggest that this warming-induced productivity will be species-dependent. More
specifically, my findings in spruce add to a growing body of evidence that the Picea
genus will be negatively affected by warming (Way & Sage, 2008a; Zhang et al., 2015;
Kurepin et al., 2018). Importantly, extreme warming is likely be detrimental to all plants
from this biome.
Biomass allocation was only affected by warming treatments in both species. Leaf mass
per unit leaf area (LMA) was reduced by warming in both species, and was not affected
by elevated CO2. A lack of CO2 effect on LMA was previously reported in European
conifer seedlings that were exposed to the same treatments as in my study (Kurepin et al.,
2018), but contrasts with reports for the same North American conifer seedlings as in my
study, which found an increase of LMA (Tjoelker et al., 1998). Although my results
might suggest that the biochemical responses observed might be driven by changes in
morphology induced by the treatments (i.e., LMA), my analysis of nitrogen on mass basis
(Nm) showed a consistent decline in Nm (SI Figure 1), suggesting that treatments effects
on photosynthesis and respiration were mainly driven by changes in both the
biochemistry and gs of needles. The proportion of biomass allocated to roots and needles
was significantly decreased and increased by warming, respectively (also seen in Way &
Oren, 2010; Kurepin et al., 2018). Overall, my results suggest that seedlings compensate
for reduced photosynthetic metabolism under warming by increasing canopy size to
maximize carbon uptake. However, it is not surprising that species reduced their
allocation to roots under warming, because they were provided with ample nutrient and
water throughout the experiment.

102

3.5

Conclusions

Overall, my results show that climate change will differentially affect these two boreal
species. While photosynthetic capacity declined in both species, mostly driven by
reduced leaf N content, these species compensated for the reduced carbon uptake by
reducing CO2 losses through foliar respiration, and increasing canopy size. In addition, in
tamarack, I observed a slight stimulation of gs with warming that helped maintain similar
A across the warming treatments. But in spruce, gs was reduced by warming, which
further resulted in reductions of A. Altogether, these mechanisms resulted in stimulated
biomass in 4T tamarack, while biomass was reduced in both 4T and 8T in black spruce
compared to 0T. In both species, warming increased the activation energy for Vcmax and
Jmax and the thermal optimum of Jmax, but there were very few effects of elevated CO2 on
these parameters. In both species, ToptA was correlated with both EaV and EaJ, but
negatively with Jmax/Vcmax. Kumarathunge et al. (2019) recently developed an improved
algorithm that accounts for thermal acclimation of photosynthetic capacity to be
incorporated into terrestrial biosphere models. In their study, they used data on seedlings
and trees grown under ambient CO2 conditions across biomes. The lack of discernible
CO2 effects on temperature sensitivity parameters of photosynthetic capacity in my study,
the same parameters incorporated into Kumarathunge et al. (2019) algorithm, suggests
that their temperature response function should apply for both ambient and elevated CO2grown plants.
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Chapter 4

4

Acclimation of photosynthesis to combined warming
and elevated CO2 in mature boreal conifers

4.1 Introduction
Global air temperatures are increasing as a result of increased anthropogenic greenhouse
gas emissions, and warming is happening faster at higher latitudes compared to the rest of
the globe (IPCC, 2013). Specifically, high latitudes are predicted to warm up to 8 ˚C
compared to a global average of 3.7 ˚C by the end of 2100 under a business-as-usual CO2
emission scenario (Collins et al., 2013; Stocker et al., 2013). Boreal forests account for
32% of the total carbon sequestered by the world’s forests (Pan et al., 2011) and the net
carbon uptake of boreal forests is estimated to be 0.4 to 1 Gt of carbon annually
(Houghton, 2007). These forests thus play a crucial role in climate regulation and global
biogeochemical cycles (Bonan, 2008; Brandt, 2009). Therefore, climate change-induced
shifts in the functioning of this biome will significantly impact regional ecosystem
services (Gauthier et al., 2015), global carbon cycling, and the rate of increase in
atmospheric CO2 concentrations (Kasischke, 2000; Bonan, 2008; Graven et al., 2013).
The boreal forest, located in these high latitude regions, will be vulnerable to this extreme
warming (Reich et al., 2015). The boreal forest has long been considered a carbon sink
(Malhi et al., 1999), although global change could turn some regions into a carbon source
in coming decades (Kurz et al., 2013). However, boreal ecosystem productivity is often
considered temperature-limited, such that moderate warming might enhance growth
(Kauppi et al., 2014; Schaphoff et al., 2016; Huang et al., 2019). Because of the
importance of this biome in the global carbon cycle (Pan et al., 2011), it is important to
fully understand how plant physiological processes that affect carbon cycling (such as
photosynthesis and respiration) to climate change (Reich et al., 2015), in order to
improve our ability to predict the feedback of forests to carbon cycling (Cox et al., 2000).
However, compared to studies of temperate trees, fewer studies have explored the
response of boreal trees to elevated temperature and CO2 under realistic field conditions
(Norby et al., 2016; Mercado et al., 2018; but see Kellomaki & Wang 1996, Peltola et al.
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2002, Lamba et al. 2018) and this knowledge gap hinders our ability to predict whether
boreal forests will mitigate or exacerbate the rate of climate warming in the future
(Lombardozzi et al., 2015).
Photosynthesis is the entry point of atmospheric CO2 into the biosphere (Dusenge et al.,
2019), and the response of stomatal conductance (gs) to elevated temperature and CO2
represents a crucial aspects of carbon uptake by vegetation in future climates. Plant
growth in elevated CO2 reduces gs (Medlyn et al., 2001; Ainsworth & Long, 2005; but
see Uddling et al., 2009; Pathare et al., 2017), a response that is proposed to maximize
carbon gain per unit water loss (Medlyn et al., 2011). However, conifer species show
weak to no response of gs to elevated CO2 in many studies (Kellomaki & Wang, 1996;
Medlyn et al., 2001; Sigurdsson et al., 2002; Kroner & Way, 2016; Hasper et al., 2017;
Lamba et al., 2018), suggesting that CO2 uptake will not be limited by stomatal diffusion
in a high CO2 world in coniferous forests. In contrast, increased growth temperature and
the associated increase in vapor pressure deficit (VPD) usually decrease gs in both
broadleaves and conifers (Monteith, 1995; Oren et al., 1999; but see Marchin et al., 2016;
Wu et al., 2018), suggesting that in a future climate, gs in conifers will respond more
strongly to temperature than CO2. Our knowledge of how both warming and elevated
CO2 affect gs in conifer species under field conditions is limited to two European boreal
studies, which found slightly conflicting results: in Norway spruce, gs decreased with
warming with no CO2 effect (Lamba et al., 2018), while in Scots pine, warming had no
effect on gs, but there was a weak CO2 effect (Kellomaki & Wang, 1996). Differences in
stomatal responses to elevated CO2 between evergreen and deciduous trees have been
reported previously, with deciduous species responding more strongly to CO2 than
evergreen trees (Saxe et al., 1998; Medlyn et al., 2001). However, little is known about
whether both deciduous and evergreen conifers will have similar responses to climate
change under ecologically realistic conditions.
Photosynthetic biochemistry is also impacted by warming and elevated CO2, implying
that photosynthesis will not only be altered by CO2 supply via changes in gs, but also by
biochemical responses to climate change. Photosynthetic biochemical responses to
environmental changes are usually modeled using the Farquhar et al. (1980) C3
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photosynthesis model (FvCB; von Caemmerer, 2000), and the FvCB model is integrated
in global vegetation models (GVMs) that simulate leaf-level photosynthesis and scale up
biosphere-atmosphere interactions to climate feedbacks (Rogers et al., 2017a). The FvCB
model requires two key parameters, the maximum Rubisco carboxylation rate (Vcmax) and
the maximum electron transport rate (Jmax) necessary to regenerate ribulose-1,5bisphosphate. Vcmax and Jmax are affected by environmental factors such as light (Carswell
et al., 2000), nutrients (Medlyn et al., 2002b; Kattge et al., 2009; Rogers et al., 2017b),
atmospheric CO2 (Ainsworth & Long, 2005), temperature (Kattge & Knorr, 2007; Smith
& Dukes, 2017), needle age (Jensen et al., 2015), and intercellular CO2 concentration
(Ci), which in turn depends on gs (Farquhar & Sharkey, 1982). In addition, estimates of
these two parameters vary across plant functional types (Rogers, 2014) and biomes (e.g.
Rogers et al., 2017b), and can change throughout the growing season (Jensen et al.,
2015). In GVMs, Vcmax, Jmax and the Jmax/Vcmax ratio measured at 25 ˚C (i.e. Vcmax25, Jmax25
and Jmax25/Vcmax25 ratio) are important model input parameters (Rogers et al., 2017a,b;
Mercado et al., 2018).
The acclimation of photosynthetic capacity to elevated CO2 is relatively well studied,
compared to the impacts of warming. Both Vcmax25 and Jmax25 are usually reduced in
plants acclimated to elevated CO2 (Medlyn et al., 1999; Ainsworth & Long, 2005), and
this effect is relatively well incorporated in GVMs (Smith & Dukes, 2013). In contrast,
the impact of warmer growth temperatures on Vcmax25 and Jmax25 varies, with studies
showing increases (Ghannoum et al., 2010; Smith & Dukes, 2017; Crous et al., 2018),
decreases (Way & Sage, 2008; Crous et al., 2013, 2018; Aspinwall et al., 2016;
Kumarathunge et al., 2019) or no change (Kattge & Knorr, 2007; Way & Oren, 2010;
Lamba et al., 2018; Crous et al., 2018; Kumarathunge et al., 2019) in these parameters,
making it hard to generalize how these parameters acclimate to warming, although
Jmax25/Vcmax25 usually decreases in higher growth temperatures (Onoda et al., 2005;
Kattge & Knorr, 2007; Dusenge et al., 2015; Kumarathunge et al., 2019). Much of our
understanding of how Vcmax and Jmax adjust to warmer growth temperatures comes from
temperate tree species. In the most comprehensive study to date to investigate
adjustments of photosynthesis to increased growth temperature (Kumarathunge et al.
(2019), species from boreal forests, particularly North American boreal species, were
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poorly represented. This is unfortunate because boreal trees cover approximately 2/3 of
the boreal region (Brandt, 2009). Therefore, more studies on photosynthetic thermal
acclimation from this biome are needed to improve the representation of boreal trees in
GVMs (Lombardozzi et al., 2015). In fact, including information on geographic variation
in the response of photosynthesis to growth temperature improved the ability of GVMs to
predict accurately present-day ecosystem-level gross primary production (Mercado et al.,
2018).
Although our theoretical understanding of the individual effects of elevated CO2 and
temperature on photosynthesis is quite good (e.g,. Sage & Kubien, 2007; Way et al.,
2015), there is still limited data on how combined elevated CO2 and warming impact
photosynthetic capacity, particularly in boreal species (Smith & Dukes, 2013; Mercado et
al., 2018). The only two studies on boreal conifers to investigate the combined effects of
warming and elevated CO2 on photosynthetic capacity found contrasting findings for
Vcmax: in Picea abies, Vcmax25 acclimated to CO2 with no effect of warming (Lamba et al.,
2018), while in Pinus sylvestris, both warming and elevated CO2 stimulated Vcmax
(Kellomaki & Wang, 1996). Clearly more data are needed in a broader range of species,
as well as are data for the other critical FvCB model parameters (i.e., Jmax25 and
Jmax25/Vcmax25 ratio).
Vcmax and Jmax increase with short-term temperature increases (Bernacchi et al., 2001,
2003). The instantaneous temperature responses of Vcmax and Jmax are usually modelled
by a peaked Arrhenius equation (Medlyn et al., 2002a; but see Smith & Dukes, 2017):
H- exp 1
f(T$ ) = k )*+

E3 4T$ − T)*+ 6
T$ RT)*+ 8

H- 4T$ − T)*+ 6
H- − E3 91 − exp 1 T RT
8;
$
)*+

[Equation 4.1]

where kopt is the process rate (i.e., Vcmax or Jmax; µmol m-2 s-1) at the optimum temperature
(Vcmaxopt, Jmaxopt), Hd (kJ mol-1) is the deactivation energy term that describes the decline
in enzyme activity at higher temperature, Ea (kJ mol-1) is the activation energy term that
describes the exponential increase in enzyme activity with an increase in temperature, R
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is the universal gas constant (8.314 J mol-1 K-1), and Topt and Tk are the optimum and
given temperatures of the process rate (i.e. Vcmax or Jmax; µmol m-2 s-1). Arrhenius
function parameters for Vcmax and Jmax (i.e. EaV, EaJ, ToptV, ToptJ, Vcmaxopt, and Jmaxopt), can
change in response to changes in growth temperature (Hikosaka et al., 2006; Kattge &
Knorr, 2007; Smith & Dukes, 2017; Kumarathunge et al., 2019). The optimum
temperatures and activation energies for Vcmax (ToptV and EaV) and Jmax (ToptJ and EaJ)
correlate with prevailing growth temperatures, and all increase in response to warmer
growth temperatures (Hikosaka et al., 1999, 2006; Medlyn et al., 2002b; Onoda et al.,
2005; Kattge & Knorr, 2007; Kumarathunge et al., 2019; Yamaguchi et al., 2019).
However, our empirical understanding of how a combination of elevated temperature and
CO2 affect the temperature sensitivity parameters of Vcmax and Jmax is limited to one
temperate species, Eucalyptus globulus ssp. globulus (Crous et al., 2013), where there
was no interactive effect of temperature and CO2 on these parameters.
The thermal optimum of net photosynthesis (ToptA) can be controlled by any of three
major processes, including biochemical, stomatal and respiratory limitations (Lin et al.,
2012). However, very few studies, among the many in the literature that report shifts in
ToptA with warming, have determined which process controls ToptA (Mercado et al., 2018).
Even among those studies, there is no consensus on the most common limiting process,
or whether different plant functional types possess different types of ToptA controls or
whether a common process is associated with a specific set of environmental conditions.
For example, in a global meta-analysis, increases in ToptA were positively correlated with
increases in EaV and negatively correlated with Jmax25/Vcmax25 (Kumarathunge et al.,
2019), suggesting that biochemical adjustments to warming underlie the shifts in ToptA in
this global dataset. However, Slot et al. (2017) showed that, in four lowland tropical
species, the temperature optimum of stomatal conductance matched the ToptA under field
growth conditions, suggesting stomatal regulation was the most important control.
Additionally, Lin et al. (2012) showed that in Pinus taeda and Eucalyptus creba, ToptA
was controlled by day respiration, while in Quercus serrata, ToptA was controlled by EaV
(Yamaguchi et al., 2019). In the only study on a boreal conifer species (Picea abies) to
report these controls of ToptA, biochemical limitations were thought to be the most
limiting process, even though this was not directly tested (Kroner & Way, 2016).
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Therefore, there is a need to improve our understanding of the physiological mechanisms
involved in the shifts of ToptA in conifers exposed to warmer and elevated CO2, preferably
in ecologically realistic conditions. This knowledge gap is one of the few uncertainties
that hinders proper representation of photosynthetic thermal acclimation in GVMs
(Mercado et al., 2018).
In this study, I examined the acclimation capacity of A and photosynthetic capacity
(Vcmax and Jmax) of two dominant conifer species in North American boreal forests, Picea
mariana (black spruce, an evergreen conifer) and Larix laricina (tamarack, a deciduous
conifer). Mature trees were exposed to five temperature treatments, ambient (+0 ˚C,
control), ambient +2.25, +4.5, +6.75, and +9 ˚C, and each temperature treatment was
combined with either an ambient (AC) or elevated CO2 (EC, ambient +500 ppm)
concentration treatment. I hypothesized that photosynthetic responses to elevated growth
temperature and growth CO2 between the two species would be similar. Based on this
hypothesis it was predicted that:
(i)

the gs would be decreased by warming, but unaffected by CO2 in both
conifer species;

(ii)

both Vcmax25 and Jmax25 would strongly acclimate to CO2, but be unaffected
by warming in both species;

(iii)

The temperature sensitivity parameters of photosynthetic capacity (EaV,
ToptV, EaJ and ToptJ) would respond to warming without any CO2 effect in
both species;

(iv)

the ToptA would be predominantly regulated by biochemical processes in
both species.

4.2

Materials and Methods

This study was conducted at the U.S. Department of Energy’s SPRUCE (Spruce and
Peatland Responses Under Changing Environments) project site at the U.S. Forest
Service’s Marcell Experimental Forest, in Minnesota, USA (47°30.476’ N; 93°27.162’
W). Details of the site and experimental set-up can be found in Hanson et al. (2017).
Briefly, SPRUCE is the first large-scale whole-ecosystem warming experiment, spanning
from ~3 m belowground to 7 m above soil level. The experiment is a regression-based
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design with five temperature treatments: +0 ˚C (i.e. ambient, control temperatures),
+2.25, +4.5, +6.75 and +9 °C, in 10 large octagonal open-top enclosures encompassing
114.8 m2, with an interior sampling area of 66.4 m2 (https://mnspruce.ornl.gov). The
heating experiment started August 15, 2015. Relative humidity is not controlled, so VPD
increases with warming. The +0 chambers are fully constructed but with no energy
added, therefore serving as control treatments. Elevated CO2 treatments were initiated a
year later, on June 15, 2016, so that each temperature treatment is combined with either
ambient (AC) or elevated CO2 (EC, +306 ppm) concentration, resulting in one plot for
each temperature and CO2 combination. For more details of the site see section 2.3.

4.2.1

Gas exchange measurements

Field measurements were conducted between August 15 – 30, 2017. I studied the two
mixed-age (up to ~40 years old) canopy tree species at SPRUCE, Picea mariana (Mill.)
B.S.P. (black spruce) and Larix laricina (Du Roi) K. Koch (tamarack). For black spruce,
two branchlets from two trees in each plot were harvested and current-year needle
cohorts from the trees were measured. For tamarack, I used the same number of
branchlets from different trees in each plot, except in one plot (EC+0) where only one
tamarack tree was available to be sampled. Measurements were made on sun-exposed
branchlets cut using a pruning pole. After cutting, branchlets were put in water, and recut
under water to avoid xylem transport disruption and stomatal closure. The branches were
harvested between 4 – 5 am of the measurement day, placed in water bottles inside a
plastic cooler, and transported from the field site in Grand Rapids to the walk-in
chambers in Minneapolis at the University of Minnesota, where the measurements were
conducted. The branchlets were re-cut again before starting the measurements. The effect
of cutting and the time lag between cutting and gas exchange measurements had no effect
on stomatal conductance (data not shown). Gas exchange measurements were conducted
between 10:00 and 20:00 using a portable photosynthesis system (Li-COR 6400 XT,
6400-18 RGB light source, and 6400-22 Opaque Conifer Chamber; LI-COR Biosciences,
Lincoln, NE, USA). Net CO2 assimilation rates (A) were measured at a pre-determined
saturating light (2000 µmol m-2 s-1) and eleven different air CO2 concentrations (to
generate so-called A – Ci curves) in the following order: 400, 300, 200, 50, 400, 500,
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600, 800, 1200, 1600, and 2000 µmol mol-1. A – Ci curves were conducted at five
different leaf temperatures (Tleaf): 15, 25, 32.5, 40 and 45 ˚C. To achieve each targeted
Tleaf, all measurements were done in a walk-in chamber, allowing the entire branch to be
exposed to the desired temperature for at least 30 min before starting measurements at
that temperature. Since VPD increases with increasing temperature, resulting in
decreased gs (Lin et al., 2012), I moistened the soda lime column to reduce stomatal
closure associated with high VPDs at high measuring temperature (> 32.5 ˚C). After gas
exchange measurements, projected leaf area of the measured needles was determined
using ImageJ software (NH, Bethesda, MD, USA). Leaf tissue was dried at 70 ºC until
constant mass, ground and analysed for dry mass elemental nitrogen (N%) (Costech
Analytical Technologies, Inc., California, USA).

4.2.2

Parameter calculation

The C3 photosynthesis model of Farquhar et al. (1980) was used to derive Vcmax and Jmax
from the A – Ci curves (von Caemmerer, 2000) with the “fitacis” function from the
“plantecophys” R package (Duursma, 2015) in R version 3.5.2 (R Development Core
Team, 2018). I maintained the default temperature dependencies of the CO2
compensation point in the absence of mitochondrial respiration (Γ*) and the Michaelis –
Menten constants for CO2 and O2 (Kc and Ko) from Bernacchi et al. (2001). The leaf
mesophyll conductance for CO2 was not measured, therefore apparent Vcmax and Jmax
based on intercellular CO2 concentrations (Ci), rather than the CO2 concentration at the
site of carboxylation (Cc) in the chloroplast, are reported.

4.2.3

Temperature responses of Asat, Vcmax, and Jmax

The temperature response of A at a CO2 concentration of either 400 or 800 µmol mol-1
(for AC and EC treatments, respectively) was fitted as in Kroner and Way (2016):
AH3+ = aTIJ3K L + bTIJ3K + c

[Equation 4.2]
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where Asat represent net CO2 assimilation rates measured at saturating light intensity and
growth CO2, Tleaf is the measuring leaf temperature, and a, b and c are fitted constants.
Maximum rates of photosynthesis (Aopt) and the Topt of Asat were derived from Equation
4.2. The temperature responses of Vcmax and Jmax were fitted using Equation 1 to derive
values for EaV, EaJ, ToptV,ToptJ, Vcmaxopt and Jmaxopt. The value of Hd value is fixed at 200 kJ
mol-1 to avoid overparameterization (Medlyn et al., 2002a; Kattge & Knorr, 2007).

4.2.4

Statistical analyses

Two-way ANCOVA was used to analyze the main effects of growth CO2, growth
temperature and their interaction on the gas exchange data and the temperature sensitivity
parameters of photosynthesis. With respect to the ANCOVA, simple linear and quadratic
regressions were found to be the two models which best fit the observed responses in
these parameters, with the best model selected based on the lowest Akaike Information
Criterion (AIC) value (Table 4.1). In cases where the AIC values of both models were
similar (less than 2 units difference), we used the simpler model (i.e. linear regression).
All analyses were performed in the R Environment version 3.5.2 (R Development Core
Team, 2018) following protocols suggested by Zuur et al. (2009).
Table 4. 1: Akaike Information Criteria (AIC) values for linear and quadratic
regression models for the relationship between photosynthetic traits and growth
temperatures. Net CO2 assimilation rate at the thermal optimum (Aopt, µmol m-2 s-1);
thermal optimum of net CO2 assimilation (ToptA, ˚C); leaf nitrogen on an area basis
(Na, g m-2); net CO2 assimilation rate (A25), stomatal conductance (g25) and the ratio
of intercellular to ambient air CO2 concentration (Ci/Ca25) measured at 25 ˚C;
maximum carboxylation rate of Rubisco at the thermal optimum (Vcmaxopt, µmol m-2
s-1); maximum electron transport rate at the thermal optimum (Jmaxopt, µmol m-2 s1

); thermal optimum of Vcmax (ToptV, ˚C); thermal optimum of Jmax (ToptJ, ˚C);

activation energy of Vcmax (Eav), activation energy of Jmax (EaJ); Vcmax (Vcmax25, µmol
m-2 s-1) and Jmax (Jmax25, µmol m-2 s-1) measured at 25 ˚C; the ratio of Jmax25 to Vcmax25
(Jmax25/Vcmax25). For each trait, lowest AIC (bolded) was selected as best model (see
Methods for details), and the statistical summary of either linear (Table 4.2) or
quadratic (Table 4.3) are provided.
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Tamarack

4.3
4.3.1

Black spruce

Trait

Linear

Quadratic

Linear

Quadratic

Aopt

58.5

60.3

55.0

56.7

ToptA

39.9

39.5

41.8

43.4

Na

6.9

8.9

14.4

-10.8

A25

56.0

57.9

52.8

54.5

gs25

-23.7

-21.7

-42.4

-40.4

Ci/Ca25

-21.5

-20.5

-25.3

-25.6

Vcmaxopt

95.9

97.9

86.8

100.4

Jmaxopt

101.9

103.9

88.7

90.6

ToptV

34.3

36.2

39.4

34.2

ToptJ

35.1

37.1

53.8

55.5

EaV

61.9

56.9

70.0

71.9

EaJ

72.5

67

71.3

71.8

Vcmax25

144.9

146.8

76.2

78.7

Jmax25

97.9

99.9

87.1

87.9

Jmax25/Vcmax25

-3.9

-0.6

6.2

7.4

Results
Experimental treatments

Midday (13:00) air temperatures recorded at the climate station located outside the
enclosed treatments followed a seasonal pattern, increasing from mid-winter, reaching
maximum air temperatures of ~32 ˚C in mid-summer, and decreasing in the fall to a
minimum of ~10 ˚C (Figure 4.1a). The target experimental warming treatments of +2.25,
+4.5, +6.75 and +9 ˚C were successfully achieved, reaching on average + 2.34, + 4.6, +
6.7 and + 8.8 ˚C, respectively (Figure 4.1a). The elevated CO2 treatment achieved a CO2
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concentration of ca + 306 ppm across the elevated CO2 plots, with higher CO2
concentrations achieved in mid-summer (Figure 4.1b).

Figure 4. 1: Environmental data in the 10 top-open enclosures. a) Air temperature
and b) CO2 concentrations from May 1st till October 31, 2017. Symbols represent
target CO2 concentration (ambient, AC = circle, 410 ppm; elevated, EC = square,
910 ppm); colors represent target treatment temperatures: ambient (+0, light pink),
+2.25 (pink), +4.5 (orange), +6.75 (red), +9 °C (dark red).

4.3.2

Gas exchange measurements

Maximum rates of A (Aopt) measured at the growth CO2 were higher in EC than AC
tamarack, but were not affected by warming (Figure 4.2a; Table 4.2). Additionally, the
ToptA of tamarack increased with warming (0.27 ˚C ˚C-1) and was higher in the EC than
AC treatments (by 3.7 ˚C; Figure 4.2c; Table 4.2). But in spruce, the Aopt was not
different between AC and EC trees, but instead increased with warming (Figure 4.2b;
Table 4.2). Similar to tamarack, the ToptA in spruce increased with warming (0.37 ˚C ˚C-
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), but unlike tamarack, the ToptA was not affected by growth CO2 (Figure 4.2d; Table

4.2). Furthermore, trees growing in the warmest plots (AC+9 and EC+9) still had a
positive A at leaf temperatures of 45 ˚C, while at these same leaf temperatures, trees
grown in AC+0 had a negative A (SI Figures 4.2).
Table 4. 2: Summary report of ANOVA of CO2 and temperature treatments on gas
exchange parameters, photosynthetic capacity, and the temperature sensitivity of
photosynthetic capacity. Net CO2 assimilation rate at the thermal optimum (Aopt,
µmol m-2 s-1); thermal optimum of net CO2 assimilation (ToptA, ˚C); leaf nitrogen on
area basis (Na, g m-2); net CO2 assimilation rate (A25), stomatal conductance (gs25)
and the ratio of intercellular to ambient air CO2 concentration (Ci/Ca25) measured at
25 ˚C; maximum carboxylation capacity of Rubisco at the thermal optimum
(Vcmaxopt, µmol m-2 s-1); maximum electron transport rate at the thermal optimum
(Jmaxopt, µmol m-2 s-1); thermal optimum of Vcmax (ToptV, ˚C); thermal optimum of
Jmax (ToptJ, ˚C); activation energy of Vcmax (Eav), activation energy of Jmax (EaJ); Vcmax
(Vcmax25, µmol m-2 s-1) and Jmax (Jmax25, µmol m-2 s-1) measured at 25 ˚C; the ratio of
Jmax25 to Vcmax25 (Jmax25/Vcmax25. Bold numbers represent p-value less than 0.1 (p
<0.1). All analyses were fit with linear regression model. Parameters without
statistics in this table were fit with quadratic regression model in Table 4.3.

Tamarack

Black spruce

y-variable

x-variables

F-value

p-value

F-value

p-value

Aopt

Temperature

0.47

0.5

4.1

0.089

CO2

5.6

0.054

1.3

0.29

Temperature*CO2

0.54

0.5

2.5

0.16

Temperature

3.8

0.097

4.9

0.067

CO2

6.6

0.041

1

0.3

Temperature*CO2

1.2

0.3

0.61

0.5

Temperature

1.4

0.3

ToptA

Na
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A25

gs25

Ci/Ca25

A25

A25

Vcmaxopt

Jmaxopt

ToptV

ToptJ

CO2

0.8

0.4

Temperature*CO2

0.04

0.8

Temperature

0.44

0.53

3.7

0.1

CO2

4.9

0.067

12

0.2

Temperature*CO2

0.59

0.47

2.3

0.19

Temperature

0.27

0.62

1.8

0.23

CO2

2.9

0.13

0.09

0.78

Temperature*CO2

1

0.35

0.66

0.45

Temperature

0.072

0.79

0.0046

0.94

CO2

10.7

0.017

13.6

0.01

Temperature*CO2

0.12

0.73

0.12

0.73

Na

4.18

0.086

2.3

0.2

CO2

27

0.0019

1.9

0.2

Na*CO2

1.7

0.22

1.1

0.3

g25

5.3

0.060

69

0.00016

CO2

1.6

0.25

21

0.0037

g25*CO2

0.0001

0.99

1

0.35

Temperature

0.5

0.5

7

0.037

CO2

0.06

0.8

26

0.0022

Temperature*CO2

0.011

0.9

2.6

0.15

Temperature

0.025

0.9

4.5

0.078

CO2

0.11

0.7

11

0.016

Temperature*CO2

0.5

0.5

2.3

0.2

Temperature

15

0.0082

CO2

0.3

0.6

Temperature*CO2

0.25

0.6

Temperature

14.9

0.008

0.26

0.6
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EaV

EaJ

Vcmax25

Jmax25

Jmax25/Vcmax25

Vcmax25

Jmax25

Jmax25/Vcmax25

ToptA

CO2

3.7

0.1

1.6

0.24

Temperature*CO2

0.5

0.5

0.12

0.7

Temperature

0.015

0.9

CO2

0.59

0.47

Temperature*CO2

0.63

0.45

Temperature

2.7

0.15

CO2

14

0.008

Temperature*CO2

0.7

0.4

Temperature

0.002

0.98

0.57

0.48

CO2

0.001

0.97

52.7

0.00034

Temperature*CO2

0.13

0.7

5.2

0.06

Temperature

0.046

0.8

0.004

0.95

CO2

0.3

0.6

10

0.018

Temperature*CO2

1

0.3

0.16

0.7

Temperature

1.2

0.3

1.2

0.3

CO2

10

0.017

7

0.038

Temperature*CO2

7.4

0.035

1.9

0.2

Na

12

0.012

0.022

0.8

CO2

1.2

0.3

39

0.00076

Na*CO2

0.9

0.4

0.58

0.5

Na

5

0.064

0.17

0.7

CO2

2.3

0.18

11

0.016

Na*CO2

0.39

0.6

0.4

0.5

Na

1.7

0.2

1.2

0.3

CO2

3.5

0.1

9

0.023

Na*CO2

0.14

0.7

4.7

0.072

ToptV

2.9

0.14

13.9

0.0098
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ToptA

CO2

6.7

0.041

0.9

0.4

ToptV*CO2

1.2

0.3

0.05

0.8

ToptJ

1.4

0.28

18

0.0076

CO2

10

0.019

3.5

0.12

ToptJ*CO2

0.8

0.4

0.15

0.7

Table 4. 3: Summary report of ANOVA of CO2 and temperature treatments on leaf
nitrogen and temperature sensitivity of photosynthetic capacity. Leaf nitrogen on
area basis (Na, g m-2); thermal optimum of Vcmax (ToptV, ˚C); activation energy of
Vcmax (Eav), activation energy of Jmax (EaJ). Bold numbers represent p-value less than
0.1 (p <0.1). All analyses were fit with quadratic regression model.
Tamarack
Traits

Na

ToptV

EaV

Factors

F-value

Black spruce
p-value

F-value

p-value

Temperature

2.1

0.2

Temperature2

67

0.0012

CO2

0.0003

0.9

Temperature:CO2

2

0.2

Temperature2:CO2

1.9

0.2

Temperature

20

0.011

Temperature2

11.5

0.028

CO2

6.3

0.064

Temperature:CO2

0.0005

0.9

Temperature2:CO2

0.54

0.5

Temperature

3.8

0.12

Temperature2

4.8

0.093

CO2

2.1

0.21

Temperature:CO2

10

0.033

132

EaJ

Temperature2:CO2

0.5

0.5

Temperature

1.4

0.3

Temperature2

5.8

0.074

CO2

0.1

0.8

Temperature:CO2

0.3

0.6

Temperature2:CO2

0.7

0.4

Figure 4. 2: Impact of temperature treatments on the temperature sensitivity of net
CO2 assimilation. a,b) Net CO2 assimilation rate at the thermal optimum (Aopt); c,d)
the leaf temperature at which Aopt occurs (ToptA). Symbol colors represent
temperature treatments: ambient (+0, light pink), +2.25 (pink), +4.5 (orange), +6.75
(red), +9 °C (dark red). Symbol shapes represent CO2 treatments: ambient CO2, AC
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= circle; elevated CO2, EC = triangle; Lines show regression lines for CO2
treatments or treatments means (when there is no significant response to the
temperature treatments): AC = solid line, EC = short-dashed line, overall regression
for all points (both AC and EC) = long-dashed (p < 0.1). Means ± standard error.
n=1-2 trees/plot and 1 plot per temperature and CO2 combination.
Leaf nitrogen was quantified for each set of needles measured for gas exchange. In
tamarack, leaf nitrogen on an area basis (Na) was not affected by the treatments (Figure
4.3a, Table 4.2). In contrast, in spruce, Na was not affected by growth CO2, but responded
to warming following an inverse quadratic relationship, with Na declining to +4.5 and
increasing again at higher temperatures (Figure 4.3b, Table 4.3).
To assess thermal acclimation, net CO2 assimilation rates (A), stomatal conductance (gs)
and the ratio of intercellular to ambient air CO2 concentrations (Ci/Ca) were measured at a
common temperature of 25 ˚C (A25, gs25 and Ci/Ca25, respectively), but at the respective
growth CO2. In tamarack, A25 was constant across the warming treatments, but was
stimulated in EC trees (Figure 4.3 c, Table 4.2). In spruce, neither growth temperature
nor growth CO2 had an effect on A25 (Figure 4.3d; Table 4.2). In both species, gs25 was
constant across the treatments (Figures 4.3 e,f; Table 4.2). The Ci/Ca25 was higher in EC
trees compared to AC counterparts in both species, but was not affected by growth
temperature (Figures 4.3 g,h; Table 4.2). In tamarack, A25 was positively correlated with
Na with a higher intercept in EC than AC trees (Figure 4.4a; Table 4.2), while in spruce
there was no relationship between A25 and Na (Figure 4.4 b, Table 4.2). In both species,
A25 was positively correlated with gs25, with a significantly higher intercept in EC spruce
than AC spruce (Figures 4.4 b,d; Table 4.2).
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Figure 4. 3: Impact of temperature and CO2 treatments on gas exchange parameters
and leaf nitrogen concentration. a,b) Leaf nitrogen on area basis (Na, g m-2), c,d) net
CO2 assimilation rates (A25, µmol m-2 s-1), e,f) stomatal conductance (gs25, mmol H2O
m-2 s-1), and g,h) the ratio of intercellular to ambient air CO2 concentration (Ci/Ca25)
measured at 25 ˚C. Symbol colors represent temperature treatments: ambient (+0,
light pink), +2.25 (pink), +4.5 (orange), +6.75 (red), +9 °C (dark red). Symbol shapes
represent CO2 treatments: ambient CO2, AC = circle; elevated CO2, EC = triangle;
Lines show regression lines for CO2 treatments or treatments means (when there is
no significant response to the temperature treatments): AC = solid line, EC = shortdashed line, overall regression for all points (both AC and EC) = long-dashed.
Means ± standard error. n=1-2 trees/plot and 1 plot per temperature and CO2
combination.
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Figure 4. 4: Relationships between photosynthesis, leaf nitrogen and stomatal
conductance. Net CO2 assimilation rate (A25, µmol m-2 s-1) measured at 25 °C as a
function of leaf nitrogen (Na, g m-2) (a, c), and stomatal conductance measured at 25
°C (gs25, mol H2O m-2 s-1) (b, d) in black spruce (a, b) and tamarack (c, d). Symbol
colors represent temperature treatments: ambient (+0, light pink), +2.25 (pink),
+4.5 (orange), +6.75 (red), +9 °C (dark red). Symbol shapes represent CO2
treatments: ambient CO2, AC = circle; elevated CO2, EC = triangle; Lines show
regression lines for CO2 treatments or treatments means (when there is no
significant response to the temperature treatments): AC = solid line, EC = shortdashed line, overall regression for all points (both AC and EC) = long-dashed (p <
0.1). Means ± standard error; n=1-2 trees/plot and 1 plot per temperature and CO2
combination.
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4.3.3

Photosynthetic capacity

In tamarack, neither the Vcmaxopt nor Jmaxopt were affected by CO2 or temperature (Figures
4.5a,c; SI Figures 4.3,4; Table 4.2). However, in spruce, the Vcmaxopt and Jmaxopt were
stimulated by warming, and reduced 46 and 35%, respectively, by the EC treatment,
indicating strong acclimation to growth CO2 (Figures 4.5 b,d; SI Figures 4.3,4; Table
4.2). Both the ToptV and ToptJ increased with warming (0.48 and 0.4 ˚C ˚C-1, respectively),
but were unaffected by CO2 in tamarack (Figures 4.5 e,g; Table 4.1). In spruce, the ToptV
increased with warming such that ToptV was constant from +0 to +4.5 and increased at
warmer growth temperatures. The ToptV also increased in EC spruce (Figure 4.5f, Table
4.3), and ToptJ was unaffected by the treatments in spruce (Figure 4.5h; Table 4.1). In
tamarack, there was an interaction between warming and elevated CO2 such that the
activation energy for Vcmax (EaV) increased up to +4.5 and decreased at warmer growth
temperatures in AC trees, but EaV decreased with warming in EC plots (Figure 4.5i, Table
4.3). In spruce, EaV was unaffected by the treatments (Figure 4.5j; Table 4.2). In
tamarack, the activation energy of Jmax (EaJ) was affected by warming such that EaJ
increased up to +4.5 and decreased in warmer plots, but was not affected by CO2 (Figure
4.5 k, Table 4.3). In contrast, in spruce, warming did not affect EaJ, but the latter was 52%
lower in EC than AC spruce (Figures 4.5 l; Table 4.2).
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Figure 4. 5: Impact of temperature and CO2 treatments on photosynthetic capacity
temperature sensitivity parameters in a, c, e, g, i, k) tamarack and b, d, f, h, j, l)
black spruce. a,b) maximum carboxylation capacity of Rubisco at the optimum
temperature (Vcmaxopt, µmol m-2 s-1), c,d) maximum electron transport rate at the
optimum temperature (Jmaxopt, µmol m-2 s-1), e,f) temperature optimum of Vcmax
(ToptV, ˚C), g,h) temperature optimum of Jmax (ToptJ, ˚C), i,j) activation energy of
Vcmax (EaV, kJ mol-1), and k,l) activation energy of Jmax (EaJ, kJ mol-1). Symbol colors
represent temperature treatments: ambient (+0, light pink), +2.25 (pink), +4.5
(orange), +6.75 (red), +9 °C (dark red). Symbol shapes represent CO2 treatments:
ambient CO2, AC = circle; elevated CO2, EC = triangle; Lines show regression lines
for CO2 treatments or treatments means (when there is no significant response to
the temperature treatments): AC = solid line, EC = short-dashed line, overall
regression for all points (both AC and EC) = long-dashed. Means ± standard error.
n=1-2 trees/plot and 1 plot per temperature and CO2 combination.
In tamarack, neither Vcmax25 nor Jmax25 were affected by the treatments (Figures 4.6a,c;
Table 4.2). In contrast, in spruce, there was an interaction between warming and elevated
CO2 such that Vcmax25 was largely unaffected by the warming treatments in AC spruce,
while it increased in EC spruce, and was 30 - 68% lower in EC than AC spruce (Figure
4.6b, Table 4.2). While Jmax25 was not affected by warming in spruce, it was 41% lower in
EC than AC spruce (Figure 4.6c; Table 4.2). In addition, in tamarack, there was an
interaction of growth temperature and CO2 on Jmax25/Vcmax25 such that this ratio declined
with warming in AC trees while it showed little response to warming in EC trees (Figure
4.6e; Table 4.2). In spruce, Jmax25/Vcmax25 was not affected by warming, but was 32%
higher in EC than AC trees (Figure 4.6f; Table 4.2).
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Figure 4. 6: Impact of temperature and CO2 treatments on photosynthetic capacity.
Maximum carboxylation capacity of Rubisco (Vcmax25, µmol m-2 s-1); maximum rate
of electron transport (Jmax25, µmol m-2 s-1), and the ratio between Vcmax25 and Jmax25
(Jmax25/Vcmax25) measured at 25 ˚C. Symbol colors represent temperature treatments:
ambient (+0, light pink), +2.25 (pink), +4.5 (orange), +6.75 (red), +9 °C (dark red).
Symbol shapes represent CO2 treatments: ambient CO2, AC = circle; elevated CO2,
EC = triangle; Lines show regression lines for CO2 treatments or treatments means
(when there is no significant response to the temperature treatments): AC = solid
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line, EC = short-dashed line, overall regression for all points (both AC and EC) =
long-dashed. Means ± standard error. n=1-2 trees/plot and 1 plot per temperature
and CO2 combination.
In tamarack, both Vcmax25 and Jmax25 were positively correlated with Na, while in spruce,
neither Vcmax25 nor Jmax25 were correlated with Na (Figures 4.7a-d, Table 4.2).

Figure 4. 7: Impact of CO2 treatments on the relationships between photosynthetic
capacity and leaf nitrogen in tamarack in a,c) tamarack and b,d) black spruce.
Vcmax25 (maximum Rubisco carboxylation capacity measured at 25 ˚C, µmol m-2 s-1),
Jmax25 (maximum rate of electron transport, µmol m-2 s-1), and Na (leaf nitrogen on
leaf area basis, g m-2). Symbol colors represent temperature treatments: ambient
(+0, light pink), +2.25 (pink), +4.5 (orange), +6.75 (red), +9 °C (dark red). Symbol
shapes represent CO2 treatments: ambient CO2, AC = circle, solid line; elevated
CO2, EC = triangle; Lines show regression lines for: overall regression for all points

141

(both AC and EC) = long-dashed. Means ± standard error. n=1-2 trees/plot and 1
plots per temperature and CO2 combination.
In tamarack the ToptA was not correlated with either the ToptV or ToptJ (Figures 4.8 a,c;
Table 4.2). In contrast, in spruce, the ToptA was positively correlated with both the ToptV
(0.82 ˚C per 1 ˚C of ToptV) and ToptJ (0.93 ˚C per 1 ˚C of ToptJ) (Figures 4.8b,d; Table 4.2),
suggesting a strong control of these biochemical parameters on the shift of ToptA with
warming.

Figure 4. 8: Impact of treatments on the relationships between the optimum
temperature of net photosynthesis (ToptA, ˚C) and the photosynthetic capacity
temperature parameters in a,c) tamarack and in b,d) black spruce. Optimum
temperature of Vcmax (ToptV, ˚C) and Jmax (ToptJ, ˚C). Symbol colors represent
temperature treatments: ambient (+0, light pink), +2.25 (pink), +4.5 (orange), +6.75
(red), +9 °C (dark red). Symbol shapes represent CO2 treatments: ambient CO2, AC
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= circle, solid line; elevated CO2, EC = triangle; Lines show regression lines for:
overall regression for all points (both AC and EC) = long-dashed. Means ± standard
error. n=1-2 trees/plot and 1 plot per temperature and CO2 combination.

4.4

Discussion

I explored the impact of whole-ecosystem warming and elevated CO2 on photosynthesis
in two North American dominant mature conifers. I hypothesized that the two species
would respond similarly to the treatments. Indeed, aspects of the temperature sensitivity
of Vcmax and Jmax responded strongly to warming in both species, and gs did not respond
to growth temperature or CO2 in either species. However, I found that spruce and
tamarack had opposite responses to elevated CO2 in many of the traits I examined.
Photosynthetic performance (i.e., A25, Aopt and ToptA) was increased by EC in tamarack,
but not spruce, a result that correlated with strong CO2-induced reductions in
photosynthetic capacity (Vcmax25, Jmax25, Vcmaxopt and Jmaxopt) in spruce, but not tamarack.
My results thus highlight that the CO2-sensitivity of boreal conifers differs between
species, perhaps reflecting the deciduous and evergreen leaf strategies of tamarack and
black spruce.

4.4.1

Net photosynthesis

In this study, growth temperature and growth CO2 had contrasting effects on carbon
uptake between the two species. In tamarack, A25 and Aopt were stimulated by growth
CO2, but not by warming. In contrast in spruce, these parameters were not affected by
growth CO2, but Aopt was stimulated by warming. These differential responses of A to the
treatments were mainly driven by photosynthetic biochemistry rather than CO2 supply. In
both species, gs was unaffected by the treatments, suggesting that CO2 supply should
have been equal across the growth temperatures, but higher in EC than in AC. Indeed, the
Ci/Ca values were constant across the warming treatments, but higher in EC than AC
trees. In contrast to the gs data, Vcmax and Jmax responded differently to the treatments
between the species. In tamarack, Vcmax25, Jmax25, Vcmaxopt and Jmaxopt were not affected by
the treatments, such that the observed stimulation of A with growth CO2 can be explained
by a direct increase in CO2 substrate for photosynthesis, without any effect of growth

143

temperature. In contrast, in spruce, Vcmaxopt and Jmaxopt increased with warming, but were
reduced by elevated CO2, while Vcmax25 and Jmax25 were also lower in EC than in AC
spruce. These responses resulted in a similar A25 in both AC and EC trees, despite the
higher Ci in EC trees.
The ToptA increased with warming in both species by 0.27 – 0.37 ˚C ˚C-1 of warming.
This shift was lower than that measured in broadleaved boreal trees (1.1 ˚C ˚C-1; Sendall
et al., 2015) and lower than that reported in global datasets (0.55 - 0.62 ˚C; Yamori et al.,
2014; Kumarathunge et al., 2019). Considering the degree of warming experienced by
these trees (up to 9 ˚C), this shift in ToptA cannot keep pace with the increase in
temperatures that plants will experience in future decades (Way, 2019). Indeed, in a
recent study of two common European boreal conifers, Kurepin et al. (2018) did not find
a shift in ToptA with an 8 ˚C of warming. Altogether, these findings suggest that boreal
conifers may have a limited physiological capacity to shift their ToptA as the climate
warms. However, although such a shift in ToptA is relatively weak, the ability to shift Aopt
will play a larger role in maintaining plant carbon balance in a warmer world. As the Aopt
increased with warming in spruce and was stimulated by EC in tamarack, trees in both
AC+9 and EC+9 had a higher net carbon uptake rate than trees in AC+0 at these ToptA,
and they also had positive A at leaf temperatures of ~45 ˚C. These results suggest that
acclimation to extreme warming (e.g +9 ˚C) could provide trees with a buffer to maintain
positive carbon uptake, and thus increase survival rates, even in events of extreme heat,
which are predicted to increase in future climates (IPCC 2013).

4.4.2

Stomatal conductance

Elevated CO2 did not affect gs in either species, therefore the Ci/Ca was higher in EC
trees. My findings add to a growing number of studies that show that gs in conifers may
have a weak or null response to elevated CO2 (Saxe et al., 1998; Medlyn et al., 2001;
Sigurdsson et al., 2002; Kroner & Way, 2016; Hasper et al., 2017; Lamba et al., 2018),
resulting in higher Ci/Ca in EC-grown trees (also seen in Kellomaki & Wang, 1996;
Sigurdsson et al., 2002). Additionally, previous studies have showed that gs in deciduous
trees (dominated by broadleaved species) and evergreens (dominated by conifers)
respond to elevated CO2 differently, with deciduous species showing stronger reductions
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in gs than evergreen trees (Saxe et al., 1998; Medlyn et al., 2001). My findings show that
gs in both deciduous and evergreen boreal conifers responds similarly to elevated CO2. It
is widely assumed that elevated CO2 will enhance tree water-use efficiency by reducing
gs and associated transpiration rates, and thus maintaining a constant Ci/Ca ratio (Saxe et
al., 1998; Katul et al., 2010; Medlyn et al., 2011). My results suggest that water savings
under rising CO2, currently projected by hydrological models (Gedney et al., 2006; Betts
et al., 2007), will not likely occur in coniferous forests, and that rising CO2 will not
reduce transpiration rates in these forest types (Hasper et al., 2016).
The gs was also not affected by warming, despite the increase in VPD experienced by
leaves in the warmer plots. This is somewhat surprising, given that studies in a European
boreal conifer (Picea abies) do find reduced gs with warming (Hasper et al., 2016; Lamba
et al., 2018). The lack of stomatal response in my study may be due to the ample water
availability in this peat bog, thus allowing these trees to keep their stomata open, even
when VPD is high, either as a means to cool their leaves (Urban et al., 2017), to maintain
carbon uptake (Wu et al., 2018) or perhaps to both cool the leaves and improve carbon
gain with warming (Marchin et al., 2016). If these stomatal responses persist, when
combined with increased soil evaporation under the warmer, higher VPD plots, this may
accelerate the formation of drought in areas that are currently not water limited under
future climate scenarios.

4.4.3

Photosynthetic capacity

Photosynthetic biochemistry responded to the treatments differently between the two
species. In tamarack, Vcmax25, Jmax25, Vcmaxopt and Jmaxopt were not affected by the
treatments. In spruce, Vcmax25 increased with warming in EC trees, while Vcmaxopt and
Jmaxopt both increased with warming. In addition, Vcmax25, Jmax25, Vcmaxopt and Jmaxopt were
reduced in elevated CO2 in spruce. The lack of a warming effect on Vcmax25 in tamarack
and AC spruce in my study was consistent with previous studies (Kattge & Knorr, 2007;
Way & Oren, 2010; Lamba et al., 2018; Kumarathunge et al., 2019). Higher Vcmax25 and
Jmax25 in tamarack were positively correlated with higher leaf Na and higher A25,
demonstrating that photosynthetic biochemistry likely controlled photosynthesis in this
species. In contrast in spruce, Vcmax25 and Jmax25 were not related to Na, and Vcmax25, Jmax25,
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Vcmaxopt and Jmaxopt decreased in EC trees despite similar leaf N for both AC and EC trees,
suggesting that spruce engaged in luxury consumption of N (Chapin, 1980; Tripler et al.,
2002; Salifu & Timmer, 2003). Increases in Vcmax25 in EC spruce and Vcmaxopt and Jmaxopt
in both AC and EC spruce could reflect an increase in mesophyll conductance (gm) in the
warm-grown trees and at higher leaf temperatures, as my photosynthetic capacity values
are calculated on a Ci, not a Cc, basis (Niinemets et al., 2009; Evans & von Caemmerer,
2013; von Caemmerer & Evans, 2015).
The differences in CO2 responses between the two species may be associated with the
species’ leaf habits. Acclimation of photosynthetic capacity to elevated CO2 is usually
reflected in reduced Vcmax and Jmax in elevated CO2-grown plants (Ainsworth & Long,
2005). The cause of this decline in Vcmax and Jmax is thought to be the accumulation of
sugars in leaves due to limited sink strength to use new photosynthates (e.g. roots,
nodules, mycorrhizae), thus leading to transcriptional down-regulation of Rubisco
(Moore et al., 1999), which results in reduced Rubisco content (Long et al., 2004) and
photosynthetic capacity (Medlyn et al., 1999; Ainsworth et al., 2004; Ainsworth & Long,
2005; Leakey et al., 2009). Additionally, nutrient-limited plants tend to show a strong
acclimation to elevated CO2 (Norby et al., 2010; Ellsworth et al., 2017). Because both
trees grew in the same habitat, the lack of acclimation of Vcmax and Jmax in tamarack, but
the strong CO2 acclimation in spruce, would suggest that nutrient availability was not the
cause of these divergent responses. Rather, my findings support the idea that sink
strength may have been the reason for the lack of CO2 acclimation in tamarack. In midAugust, when measurements were made, tamarack, a deciduous conifer, may still have
been developing new foliage, and therefore may not have been limited by sink strength.
The Jmax25/Vcmax25 was constant across the warming treatments in spruce and in EC
tamarack, suggesting the maintenance of a balance of these two processes across growth
temperatures. The decline in Jmax25/Vcmax25 with warming in AC tamarack is also
commonly observed in other species (Yamori et al., 2005; Kattge & Knorr, 2007;
Dusenge et al., 2015; Crous et al., 2018; Kumarathunge et al., 2019). This decline is
suggested to be caused by changes in nitrogen partitioning between photosynthetic
carboxylation and RuBP-regeneration processes with warming (Hikosaka et al., 2006;
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Scafaro et al., 2017; Yin et al., 2019). Normalizing photosynthetic capacity to leaf Na
(VcmaxN25 and JmaxN25) in tamarack, VcmaxN25 was still constant across the warming
treatments, but JmaxN25 was reduced with warming (SI Figure 4.5), suggesting that either
allocation of leaf N to electron transport machinery was reduced in the higher
temperatures or the performance of electron transport per unit nitrogen was reduced due
to direct effects of temperature on thylakoid membrane stability (Sage & Kubien, 2007).

4.4.4

Temperature sensitivity of photosynthetic capacity

I found that the temperature sensitivity parameters of photosynthetic capacity were
impacted by both warming, and CO2. In my study, ToptV in spruce, and both ToptV and
ToptJ in tamarack increased with warming, but were relatively unaffected by CO2. In
addition, EaV decreased with warming in EC tamarack, while EaJ was reduced in EC
spruce. While previous studies have shown that EaV and EaJ increase with growth
temperature (Hikosaka et al., 2006; Yamaguchi et al., 2016; Crous et al., 2018;
Kumarathunge et al., 2019; Yin et al., 2019), I found that this response was limited to
moderate warming in tamarack (< 4.5 ˚C), and was absent in spruce. Instead, my findings
demonstrate that photosynthetic biochemistry can also acclimate to warming through
shifts in the thermal optimum of Vcmax and Jmax and maximum rates of Vcmax and Jmax (as
it did in spruce), without necessarily changing activation energies.

4.4.5

Mechanisms of acclimation of ToptA to growth temperature

Previous studies have shown that shifts of ToptA with increased growth temperature are
often driven by thermal adjustments of EaV (Kumarathunge et al., 2019; Yamaguchi et
al., 2019), as well as the balance between Vcmax and Jmax (Jmax25/Vcmax25 Kumarathunge et
al., 2019). The results presented here suggest that ToptA can also shift to higher
temperatures from a shift in the thermal optimum of maximum Rubisco carboxylation
and RuBP regeneration rates, as demonstrated by the positive correlation between ToptV
and ToptJ with ToptA in spruce. The increase in ToptV may occur from increased Rubisco
activation at high growth temperatures through increased expression of heat-stable
Rubisco activase isoforms (Crafts-Brandner et al., 1997; Law & Crafts-Brandner, 2001;
Law et al., 2001). Additionally, the increase in ToptJ with growth temperature could occur
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through increased stability of the thylakoid membranes by increasing the relative
abundance of membrane saturated fatty acids, which maintain the integrity of membrane
performance at high leaf temperatures (Murakami et al., 2000; Yamori et al., 2014).
Increases of both ToptV and ToptJ could also be driven by warming-induced increases in gm
(Evans & von Caemmerer, 2013; von Caemmerer & Evans, 2015). Because gs was not
affected by warming, my results suggest that stomatal limitations did not play a role in
the shift in ToptA. Therefore, my findings support the claim that biochemical processes
may be the predominant regulator of the shift in ToptA in boreal conifers (Kroner & Way,
2016). In tamarack, ToptV and ToptJ both increased with warming, but these changes were
not correlated with changes in ToptA. My findings suggest that shifts in ToptA in this
species were constrained by neither biochemical nor stomatal limitations. Although light
respiration was not measured, I assume dark respiration is correlated with light
respiration (Kroner & Way, 2016), it is unlikely that changes in light respiration underlie
the shifts in ToptA, since dark respiration showed little response to the treatments (data not
shown). In tamarack, it was therefore possible that other processes, such as gm, may be
the most important control on ToptA.

4.5

Conclusions

I demonstrated that stomatal conductance was not affected by either growth temperature
or growth CO2 in either species. The temperature sensitivity parameters of photosynthetic
capacity were affected by warming in both species, while growth CO2 affected these
parameters in spruce. I also showed that photosynthetic capacity was reduced by elevated
CO2 in spruce and not in tamarack, a response that may be linked to their different leaf
habits. Therefore, my findings largely suggest that the response of carbon uptake to
climate change in conifers will be constrained by adjustment of photosynthetic
biochemistry and also possibly mesophyll conductance. Additionally, my findings also
imply that, in combined warming and elevated CO2 growth conditions, photosynthesis
will largely respond individually to these factors, and that the response to either warming
or elevated CO2 may be species-dependent.
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Chapter 5

5

General discussion

5.1 Introduction
The boreal region is predicted to warm faster than the rest of the globe (Ciais et al., 2013;
Stocker et al., 2013), and some areas have already experienced warming of 2 ˚C since
1950 (Price et al., 2013), which is particularly concerning, because boreal forests
represent a significant component in the global carbon cycle (Pan et al., 2011). However,
the response and potential feedbacks of boreal forest carbon cycling to climate change are
highly uncertain (Kurz et al., 2013). This knowledge gap is partly due to a limited
understanding of how major leaf carbon fluxes, such as photosynthesis and respiration,
respond and acclimate to both warming and elevated CO2, as well as their combination
(Lombardozzi et al., 2015; Mercado et al., 2018). Therefore, in my thesis, I attempted to
reduce these knowledge gaps by exploring how both photosynthesis and leaf respiration
acclimated to warming and elevated CO2 (and their combination), and how acclimation
of these leaf-level processes affected plant growth in two common North American
boreal conifers, tamarack and black spruce, in both seedlings (~6 months old) and mature
trees (~40 years old).

5.2

Thesis summary

In mature trees exposed to one year of warming (Chapter 2), I found that the two species
showed contrasting responses to increased air and soil temperatures. In black spruce (an
evergreen conifer), stomatal conductance (gs) decreased in the warmer, higher VPD plots,
helping maintain leaf water status, but restricting photosynthesis. In tamarack (a
deciduous conifer), while high VPDs also led to slightly lower gs, gs was actually higher
in the warmer plots than the cooler plots. This increase in gs facilitated high
photosynthetic rates (A) in the warm-grown tamarack, but also increased branch water
stress. Reduced A combined with high respiration rates (Rd) were correlated with a trend
of decreased growth in spruce, while the simultaneous stimulation of A and Rd in
tamarack was correlated with constant growth across the 9 ˚C warming gradient.

161

In seedlings grown from seed across warming and elevated CO2 treatments (Chapter 3), I
also found that the two species exhibited contrasting responses to the treatments. In
response to warming, gs responded differently between the species, whereby gs tended to
increase with warming in tamarack, while gs declined in warm-grown spruce. The gs also
declined in EC-grown spruce, but was similar in AC- and EC-grown tamarack. As a
result, A was constant across the warming treatments in tamarack, while A declined in
spruce. In addition, A was stimulated in EC-grown seedlings in both species, but this
stimulation was much stronger in tamarack compared to black spruce. Photosynthetic
capacity (Vcmax and Jmax) was reduced by warming, coincident with reduction in leaf N,
and was unaffected by growth CO2. Rd was reduced by warming, with no CO2 effects, in
both species. The response of leaf-level processes to the treatments resulted in a positive
growth response to moderate warming in tamarack, but negative responses to 4 °C
warming in spruce, while extreme warming suppressed growth in both species.
In mature trees exposed to two years of whole-ecosystem warming and one year of
elevated CO2 (Chapter 4), I explored the response of photosynthesis to the treatments
between species. I hypothesized that the two species would respond similarly to the
treatments. Indeed, the temperature sensitivity of Vcmax and Jmax responded strongly to
warming in both species, and gs did not respond to growth temperature or CO2 in either
species. However, spruce and tamarack had opposite responses to elevated CO2 in many
of the traits I examined. Photosynthetic performance (i.e. A25, Aopt and ToptA) was
increased by EC in tamarack but not in spruce, a result that correlated with strong CO2induced reductions in photosynthetic capacity (Vcmax25, Jmax25, Vcmaxopt and Jmaxopt) in
spruce, but not tamarack. My results thus highlight that the CO2-sensitivity of boreal
conifers differs between species in the field, perhaps reflecting the deciduous and
evergreen leaf strategies of tamarack and black spruce.

5.3

Impacts of climate change on boreal forests

In mature trees growing in their natural habitat, whole-ecosystem warming increased soil
nitrogen availability (consistent with previous studies: Lükewille & Wright, 1997;
Breemen et al., 1998; Verburg et al., 1999). This increased soil nitrogen availability lead
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to increased leaf N in both tamarack and black spruce after one year of whole-ecosystem
warming (Chapter 2). However, after the second year of warming, leaf N did not differ
across the warming treatments (Chapter 4), which might be due to either a reduction in
the initial stimulation in warming-induced nitrogen availability or decreased nitrogen
uptake by trees. Overall my findings suggest that warming-induced increases in nitrogen
availability and subsequent stimulation of carbon uptake and growth may be transient,
and that ecosystems may further be limited by other nutrients (e.g. phosphorus), or
exhaust the nitrogen pool that was locked in soil organic matter within a few years of a
step-change in soil temperature. Additionally, my findings suggest that the observed
increase in stem and shoot length seen in other boreal warming experiments (Strömgren
& Linder, 2002; Bronson et al., 2009) may be due to warming-induced stimulations of
carbon uptake, whether as a result of increased nitrogen availability or as a direct effect
of warming on photosynthetic processes (Chapter 2). My findings in Chapters 2 and 4
also suggest that the increased availability of nitrogen with warming will not necessarily
improve carbon gain in some species (as observed in black spruce) where, despite
increased leaf N, carbon uptake was not stimulated (Chapter 2). Instead, I found evidence
for N luxury consumption (Chapin, 1980; Tripler et al., 2002) in black spruce, where
availability of leaf N did not improve photosynthesis (Chapters 2 and 4). Therefore, my
findings suggest that warming-induced increases in nitrogen availability will not
uniformly improve productivity across boreal trees, but that this effect will depend on
species’ strategies to utilize nitrogen, by promoting allocation of nitrogen to leaf carbon
metabolism or to other sinks, such as structure.
In contrast to many previous studies on small boreal trees (e.g. Tjoelker et al., 1999;
Reich et al., 2016; Kurepin et al., 2018), as well as my seedling study (Chapter 3), which
reported thermal acclimation of leaf respiration, I did not observe strong acclimation of
respiration in mature trees (chapter 2; also seen in mature Scots pine: Wang et al., 1995).
The lack of respiratory acclimation appears to be a major driver of the differences
observed in growth between the two species in response to warming (Chapter 2). Black
spruce maintained a constant carbon uptake rate across the warming treatments, but
higher respiration rates in warm-grown trees increased CO2 losses, which decreased
carbon available for growth, and thus reduced growth. These findings are in agreement
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with recent tree ring studies on black spruce, which found reduced growth in black spruce
across Canada, an effect attributed to both warming-induced increases in water limitation
and respiration (Girardin et al., 2014; Marchand et al., 2019).
Current climate models also suggest that relative humidity at the regional scale will not
largely change, therefore, the air will increasingly become drier as it gets warmer (i.e. the
VPD will increase). Drier air will increase leaf evaporative demand, directly affecting the
diffusion of water vapor across the leaf; higher VPDs should also reduce CO2 diffusion
via lower stomatal conductance (Lin et al., 2012). However, in Chapter 2, I showed that
gs increased in response to increasing VPD in warmer plots in tamarack, although gs
declined in black spruce, which resulted in increased water stress and transpiration in
tamarack and the maintenance of a constant water status in black spruce. Nevertheless, in
the same dataset, gs25 was largely constant with warming in both species, suggesting that
increases (in tamarack) and declines (in spruce) in gs with increasing leaf temperatures
may be due to differences in the temperature sensitivity of gs between the species.
Additionally, after two years of warming (in 2017), gs25 still showed similar responses as
it did in 2016 – constant gs25 across the warming treatments in both species. My findings
contrast with studies in a European boreal conifer (Picea abies) which found that
warming reduced gs at a common temperature (Hasper et al., 2016; Lamba et al., 2018).
The lack of stomatal response (measured at 25 °C) in my study may be due to the ample
water availability in this peat bog, which could allow these trees to keep their stomata
open, even when VPD is high, either as a means to cool their leaves (Urban et al., 2017),
to maintain carbon uptake (Wu et al., 2018) or perhaps both (Marchin et al., 2016).
Across a broader range of temperatures, the gs of seedlings showed a similar responses as
the gs of mature trees in 2016, where gs decreased with warming in black spruce, but
tended to increase in tamarack (Chapters 2 and 3). In both studies, the higher gs in
tamarack helped to maintain (Chapter 3) or improve (Chapter 2) net carbon uptake under
warming, while declining gs in spruce maintained a constant water status across the
warming treatments. The consistency of the gs responses in seedlings and mature trees
suggest that tamarack, an early-successional pioneer species, maintains a strategy to
promote carbon uptake and growth when water and nutrients are not limiting, while
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spruce, a late-successional climax, instead maintains its efficient resource use (of water
and nutrients) even in episodes of ample resource availability of resources.

5.4

Implications of my findings

In my study on seedlings (Chapter 3), I showed that growth at elevated CO2 significantly
stimulated whole-plant biomass, and this stimulation was pronounced in black spruce.
My findings are in conflict with field studies that don’t find such a CO2 fertilization
effect in boreal ecosystems (Sigurdsson et al., 2013; Girardin et al., 2016). This lack of
CO2 fertilization under field conditions has been largely attributed to other important
biotic factors limiting growth, such as soil moisture and fertility (Sigurdsson et al., 2013;
Girardin et al., 2016), which would explain why in my study the well fertilized seedlings
responded to elevated CO2, while the field-grown trees did not. Furthermore, the modest
increase in natural atmospheric CO2 compared to the high elevated CO2 concentrations
used in experimental studies such as mine would explain inconsistencies between
observational and experimental studies (Girardin et al., 2016). Therefore, since my study
was done in conditions with non-limiting water and nutrient, my findings would be most
applicable in areas that are not water limited and with relatively fertile soils.
Stimulations of productivity by moderate warming proposed for northern forests (Huang
et al., 2019) might be species-dependent. Moderate warming (+4 ˚C) stimulated growth
in tamarack, consistent with observations in seedlings and mature trees of Pinus sylvestris
(Kurepin et al., 2018; Marchand et al., 2019), but reduced growth in black spruce.
However, extreme warming (i.e. above 5 ˚C) will most likely be detrimental to both
species. In addition, in case these observed reductions in growth during establishment
stage at extreme warming are common in other abundant boreal species, this may
eventually affect community composition and potentially ecosystem functioning in future
climates. My findings support the findings of Reich et al. (2015) in seedlings at the
boreal-temperate forest ecotone, who showed that boreal species at their southern
warmest limit will experience reduced photosynthetic and growth performance, and
concluded that temperate species might expand into areas that are currently occupied by
boreal species in future climates. However, Sullivan et al. (2017) study using carbon
isotope discrimination and tree-ring chronology showed no evidence of growth decline in
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northern population (Alaska) of both black and white spruce over the past century.
Altogether, these findings suggest that the response of boreal tree species to climate
change will not only be species specific, but will also depend on the species geographic
distribution, with the southern species population more likely to be negatively affected
climate change than their northern population counterparts. Therefore, the findings
reported from my seedlings and mature trees studies may only represent southern
populations of tamarack and black spruce, and further studies on physiological and
growth responses of northern populations of these species to climate change are needed
in order to fully understand the feedbacks between boreal forests and climate in future
climates (Sullivan et al. 2017).
Biomass allocation may influence species’ performance under future climates. In Chapter
3, I observed a consistent response of reduced biomass allocation to root in both species
with warming. Similar responses were also observed in greenhouse seedlings (Way &
Sage, 2008a) and saplings grown in a whole-ecosystem warming study (Bronson et al.,
2007). These observations shed light on an important belowground process that should be
considered to understand the dynamic response of boreal tree species to warming, and
black spruce and tamarack in particular. Black spruce and tamarack usually grow in cold,
wet and nutrient-poor habitats (Viereck and Johnson, 1990; Nicault et al., 2015). With
warming, nitrogen availability will likely increase (chapter 2; Lükewille & Wright, 1997;
Breemen et al., 1998; Verburg et al., 1999) and in conditions of ample water availability
(as in wet habitats), this may initiate a re-allocation of resources away from belowground
parts of the trees towards aboveground tissues such as stems (Bronson et al., 2007; Way
& Sage, 2008a; Bronson et al., 2009) and canopy leaves (Chapter 3; Kurepin et al., 2018)
to maximize growth in stressful, hot conditions. Because climate warming will also be
accompanied by drought in some areas, these initial responses of biomass re-allocation to
aboveground parts might result in a lack of competitive ability to acquire nutrient and
water in events of drought, especially in habitats where they grow together with more
drought tolerant species (Way & Sage, 2008a).
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5.5
Representing photosynthesis in Earth System
Models
Basal rates of photosynthetic capacity (i.e. Vcmax and Jmax measured at a common
temperature: 20 and 25 ˚C for Chapters 3 and 4, respectively) responded to temperature
and CO2 differently between seedlings and mature trees. In seedlings (Chapter 3), these
basal rates were reduced by warming (coincident with reductions in leaf N) and were not
affected by elevated CO2. In contrast, in mature trees (Chapter 4), these basal rates did
not respond to warming in either species, but decreased with CO2 in black spruce. The
decrease in Vcmax under elevated CO2 was also seen in congeneric, Norway spruce
(Lamba et al., 2018). The lack of acclimation to elevated CO2 in seedlings was likely due
to the high soil nutrient availability used in the glasshouse study. However, the lack of a
down-regulation in photosynthetic capacity in mature EC tamarack have might been
related to sink strength (Ainsworth et al., 2004), with the trees may have still been
developing new foliage in mid-August. For this reason, evergreen mature trees, such as
spruce, may show a strong acclimation to elevated CO2 compared to fast-growing species
such as tamarack. Additionally, my findings of constant basal rates of photosynthetic
capacity with warming in mature trees are in agreement with results in global datasets
(Kattge & Knorr, 2007; Way & Oren, 2010; Kumarathunge et al., 2019).
Another objective of my thesis was to investigate whether elevated CO2 alters the thermal
sensitivity parameters of photosynthetic capacity, particularly the activation energies of
Vcmax and Jmax (EaV and EaJ). I found that these parameters responded strongly to
temperature, but the strength of the relationship between these parameters and growth
temperatures was generally not modified by elevated CO2 (Chapters 2 and 4). In addition,
in Chapter 4, I showed that acclimation of photosynthetic capacity can be achieved by
simply changing the thermal optimum of Vcmax (ToptV) and Jmax (ToptJ), without changing
the activation energy. The current algorithms proposed for Earth System Models (Kattge
& Knorr, 2007; Kumarathunge et al., 2019) do not use ToptV and ToptJ as parameters of
photosynthetic thermal acclimation; therefore I propose considering the inclusion of an
Arrhenius model that generates ToptV and ToptJ into the models.
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5.6

Future directions

The photosynthetic capacity values reported for my studies, as well as other studies in the
literature, use apparent Vcmax and Jmax (i.e. estimated based on intercellular CO2
concentrations, Ci, as opposed to the true concentration, Cc, at the site of carboxylation in
the chloroplast). This is because estimating mesophyll conductance (gm) is quite
challenging, especially under field conditions, as well as measuring gm in conifers. A
recent study showed that standard techniques for estimating mesophyll conductance that
were mainly used for broadleaved species (Barbour et al., 2016) also work with success
in conifers (Stangl et al., 2019); therefore, it would be possible to study how thermal
acclimation of gm affects the true values of Vcmax and Jmax.
In many studies (similar to my results in Chapter 4), basal rates of photosynthetic
capacity do no change with increases in growth temperature (as mentioned above), and
this assumption is incorporated in algorithms that represent thermal acclimation of
photosynthesis in Earth System Models. However, some studies do find reduction in
these estimates, which are often correlated with reductions in leaf N (e.g. Way & Sage,
2008b; Crous et al., 2018; chapter 2). In addition, algorithms used in Earth System
Models take into consideration the relationship between photosynthetic capacity and leaf
N (Kattge et al., 2009). Therefore, in order to improve the accuracy of Earth System
Models, knowledge regarding the mechanisms of how warming affects nitrogen
allocation within a leaf is needed, since such knowledge is currently lacking (Duarte et
al., under review).
In Chapter 2, I observed that gs25 was similar across warming in both tamarack and
spruce; however, with increasing leaf temperatures, gs slightly increased in tamarack
while it strongly declined in black spruce. This finding suggests the two species might
have different stomatal temperature sensitivities. I therefore suggest that appropriate
measurements must be done to establish whether this sensitivity differs between tamarack
and spruce, which could also be useful to understand how CO2 (and water) diffusion in
future climates will be affected in North American coniferous forests.
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5.7

Conclusions

Overall, my doctoral thesis has contributed new knowledge on the responses of leaf-level
carbon fluxes in boreal species to future climates. Particularly, I showed that warminginduced increases in nitrogen availability will stimulate carbon uptake, but any
stimulation of leaf carbon balance might be reduced by a lack of acclimation in leaf
respiration in mature trees growing in their native environment. In addition, I showed that
the response of stomatal acclimation to warming (and accompanying VPD) is important
to consider while estimating carbon and water fluxes under future climates. Lastly, my
studies have provided the first estimates of photosynthetic capacity and their temperature
sensitivity parameters of boreal conifers when growing under a range of combined
warming and elevated CO2 conditions, which are crucial data for improving the
representation of boreal forests in Earth System Models. However, my studies have also
suggested new areas that need more investigation, particularly for understanding the
mechanisms underlying warming-induced nitrogen dynamics within a plant, in order to
understand fully the thermal acclimation of photosynthetic capacity. In addition, I
highlighted the need to study mesophyll conductance, as well as the sensitivity of
stomatal conductance to temperature. Furthermore, knowledge similar to that presented in
this thesis is also needed for a broader range of boreal trees representing other plant
functional types (e.g. evergreen vs deciduous; pioneer vs climax; broad-leaves vs needlelike leaves) in order to understand fully whether the response of boreal trees will be
influenced by their ecological group classification.

169

5.8

References

Ainsworth EA, Rogers A, Nelson R, Long SP. 2004. Testing the “source–sink”
hypothesis of down-regulation of photosynthesis in elevated CO2 in the field with single
gene substitutions in Glycine max. Agricultural and Forest Meteorology 122: 85–94.
Barbour MM, Evans JR, Simonin KA, von Caemmerer S. 2016. Online CO2 and H2O
oxygen isotope fractionation allows estimation of mesophyll conductance in C4 plants,
and reveals that mesophyll conductance decreases as leaves age in both C4 and C3 plants.
The New Phytologist 210: 875–889.
Breemen N van, Jenkins A, Wright RF, Beerling DJ, Arp WJ, Berendse F, Beier C,
Collins R, Dam D van, Rasmussen L, et al. 1998. Impacts of elevated carbon dioxide
and temperature on a boreal forest ecosystem (CLIMEX project). Ecosystems 1: 345–
351.
Bronson DR, Gower ST, Tanner M, Linder S, Van Herk I. 2007. Response of soil
surface CO2 flux in a boreal forest to ecosystem warming. Global Change Biology 14:
856–867.
Bronson DR, Gower ST, Tanner M, Van Herk I. 2009. Effect of ecosystem warming
on boreal black spruce bud burst and shoot growth. Global Change Biology 15: 1534–
1543.
Chapin FS. 1980. The mineral nutrition of wild plants. Annual Review of Ecology and
Systematics 11: 233–260.
Ciais P, Sabine C, Bala G, Bopp L, Brovkin V, Canadell J, Chhabra A, DeFries R,
Galloway J, Heimann M, Jones C, Le Quéré C, Myneni RB, Piao S, Thornton P
2013: Carbon and Other Biogeochemical Cycles. In: Climate Change 2013: The Physical
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Stocker TF, Qin D., Plattner G-K, Tignor
M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA.

170

Crous KY, Drake JE, Aspinwall MJ, Sharwood RE, Tjoelker MG, Ghannoum O.
2018. Photosynthetic capacity and leaf nitrogen decline along a controlled climate
gradient in provenances of two widely distributed Eucalyptus species. Global Change
Biology 24: 4626–4644.
Duarte AG, Dusenge ME, McDonald S, Bennett K, Lemon K, Radford J, Way DA.
Photosynthetic thermal acclimation to temperature and CO2: the role of leaf nitrogen (in
review).
Girardin MP, Bouriaud O, Hogg EH, Kurz W, Zimmermann NE, Metsaranta JM,
de Jong R, Frank DC, Esper J, Büntgen U, et al. 2016. No growth stimulation of
Canada’s boreal forest under half-century of combined warming and CO2 fertilization.
Proceedings of the National Academy of Sciences of the United States of America 113:
E8406–E8414.
Girardin MP, Guo XJ, De Jong R, Kinnard C, Bernier P, Raulier F. 2014. Unusual
forest growth decline in boreal North America covaries with the retreat of Arctic sea ice.
Global Change Biology 20: 851–866.
Hasper TB, Wallin G, Lamba S, Hall M, Jaramillo F, Laudon H, Linder S,
Medhurst JL, Räntfors M, Sigurdsson BD, et al. 2016. Water use by Swedish boreal
forests in a changing climate. Functional Ecology 30: 690–699.
Huang M, Piao S, Ciais P, Peñuelas J, Wang X, Keenan TF, Peng S, Berry JA,
Wang K, Mao J, et al. 2019. Air temperature optima of vegetation productivity across
global biomes. Nature Ecology & Evolution 3: 772–779.
Kattge J, Knorr W. 2007. Temperature acclimation in a biochemical model of
photosynthesis: a reanalysis of data from 36 species. Plant, Cell & Environment 30:
1176–1190.
Kattge J, Knorr W, Raddatz T, Wirth C. 2009. Quantifying photosynthetic capacity
and its relationship to leaf nitrogen content for global-scale terrestrial biosphere models.
Global Change Biology 15: 976–991.

171

Kumarathunge DP, Medlyn BE, Drake JE, Tjoelker MG, Aspinwall MJ, Battaglia
M, Cano FJ, Carter KR, Cavaleri MA, Cernusak LA, et al. 2019. Acclimation and
adaptation components of the temperature dependence of plant photosynthesis at the
global scale. New Phytologist 222: 768–784.
Kurepin LV, Stangl ZR, Ivanov AG, Bui V, Mema M, Hüner NPA, Öquist G, Way
D, Hurry V. 2018. Contrasting acclimation abilities of two dominant boreal conifers to
elevated CO2 and temperature. Plant, Cell & Environment 41: 1331–1345.
Kurz WA, Shaw CH, Boisvenue C, Stinson G, Metsaranta J, Leckie D, Dyk A,
Smyth C, Neilson ET. 2013. Carbon in Canada’s boreal forest — A synthesis.
Environmental Reviews 21: 260–292.
Lamba S, Hall M, Räntfors M, Chaudhary N, Linder S, Way D, Uddling J, Wallin
G. 2018. Physiological acclimation dampens initial effects of elevated temperature and
atmospheric CO2 concentration in mature boreal Norway spruce. Plant, Cell &
Environment 41: 300–313.
Lin Y-S, Medlyn BE, Ellsworth DS. 2012. Temperature responses of leaf net
photosynthesis: the role of component processes. Tree Physiology 32: 219–231.
Lombardozzi DL, Bonan GB, Smith NG, Dukes JS, Fisher RA. 2015. Temperature
acclimation of photosynthesis and respiration: A key uncertainty in the carbon cycleclimate feedback. Geophysical Research Letters 42: 8624–8631.
Lükewille A, Wright R. 1997. Experimentally increased soil temperature causes release
of nitrogen at a boreal forest catchment in southern Norway. Global Change Biology 3:
13–21.
Marchand W, Girardin MP, Hartmann H, Gauthier S, Bergeron Y. 2019.
Taxonomy, together with ontogeny and growing conditions, drives needleleaf species’
sensitivity to climate in boreal North America. Global Change Biology 25: 2793–2809.
Marchin RM, Broadhead AA, Bostic LE, Dunn RR, Hoffmann WA. 2016. Stomatal
acclimation to vapour pressure deficit doubles transpiration of small tree seedlings with

172

warming. Plant, Cell & Environment 39: 2221–2234.
Mercado LM, Medlyn BE, Huntingford C, Oliver RJ, Clark DB, Sitch S, Zelazowski
P, Kattge J, Harper AB, Cox PM. 2018. Large sensitivity in land carbon storage due to
geographical and temporal variation in the thermal response of photosynthetic capacity.
New Phytologist 218: 1462–1477.
Nicault A, Boucher E, Tapsoba D, Arseneault D, Berninger F, Bégin C, DesGranges
JL, Guiot J, Marion J, Wicha S, et al. 2015. Spatial analysis of black spruce (Picea
mariana (Mill.) B.S.P.) radial growth response to climate in northern Québec – Labrador
Peninsula, Canada. Canadian Journal of Forest Research 45: 343–352.
Pan Y, Birdsey RA, Fang J, Houghton R, Kauppi PE, Kurz WA, Phillips OL,
Shvidenko A, Lewis SL, Canadell JG, et al. 2011. A large and persistent carbon sink in
the world’s forests. Science 333: 988–993.
Price DT, Alfaro RI, Brown KJ, Flannigan MD, Fleming RA, Hogg EH, Girardin
MP, Lakusta T, Johnston M, McKenney DW, et al. 2013. Anticipating the
consequences of climate change for Canada’s boreal forest ecosystems. Environmental
Reviews 21: 322–365.
Reich PB, Sendall KM, Rice K, Rich RL, Stefanski A, Hobbie SE, Montgomery RA.
2015. Geographic range predicts photosynthetic and growth response to warming in cooccurring tree species. Nature Climate Change 5: 148–152.
Reich PB, Sendall KM, Stefanski A, Wei X, Rich RL, Montgomery RA. 2016. Boreal
and temperate trees show strong acclimation of respiration to warming. Nature 531: 633–
636.
Sigurdsson BD, Medhurst JL, Wallin G, Eggertsson O, Linder S. 2013. Growth of
mature boreal Norway spruce was not affected by elevated CO2 and/or air temperature
unless nutrient availability was improved. Tree Physiology 33: 1192–1205.
Stangl ZR, Tarvainen L, Wallin G, Ubierna N, Räntfors M, Marshall JD. 2019.
Diurnal variation in mesophyll conductance and its influence on modelled water-use

173

efficiency in a mature boreal Pinus sylvestris stand. Photosynthesis Research 141: 53–63.
Stocker TF, Dahe Q, Plattner G-K, Alexander LV, Allen SK, Bindoff NL, Bréon FM, Church JA, Cubash U, Emori S, et al. 2013. Technical Summary. Climate Change
2013: The Physical Science Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA.
Strömgren M, Linder S. 2002. Effects of nutrition and soil warming on stemwood
production in a boreal Norway spruce stand. Global Change Biology 8: 1194–1204.
Sullivan PF, Pattison RR, Brownlee AH, Cahoon SMP, Hollingsworth TN. 2017.
Limited evidence of declining growth among moisture-limited black and white spruce in
interior Alaska. Scientific Reports 7: 15344.
Tjoelker MG, Oleksyn J, Reich PB. 1999. Acclimation of respiration to temperature
and CO2 in seedlings of boreal tree species in relation to plant size and relative growth
rate. Global Change Biology 5: 679–691.
Tripler C, Canham C, Inouye R, Schnurr J. 2002. Soil nitrogen availability, plant
luxury consumption, and herbivory by white-tailed deer. Oecologia 133: 517–524.
Urban J, Ingwers MW, McGuire MA, Teskey RO. 2017. Increase in leaf temperature
opens stomata and decouples net photosynthesis from stomatal conductance in Pinus
taeda and Populus deltoides x nigra. Journal of Experimental Botany 68: 1757–1767.
Verburg PSJ, Van Loon WKP, Lükewille A. 1999. The CLIMEX soil-heating
experiment: soil response after 2 years of treatment. Biology and Fertility of Soils 28:
271–276.
Wang K, Kellomaki S, Laitinen K. 1995. Effects of needle age, long-term temperature
and CO2 treatments on the photosynthesis of Scots pine. Tree Physiology 15: 211–218.
Way DA, Oren R. 2010. Differential responses to changes in growth temperature
between trees from different functional groups and biomes: a review and synthesis of
data. Tree Physiology 30: 669–688.

174

Way DA, Sage RF. 2008a. Elevated growth temperatures reduce the carbon gain of
black spruce [Picea mariana (Mill.) B.S.P.]. Global Change Biology 14: 624–636.
Way DA, Sage RF. 2008b. Thermal acclimation of photosynthesis in black spruce
[Picea mariana (Mill.) B.S.P.]. Plant, Cell & Environment 31: 1250–1262.
Wu G, Liu H, Hua L, Luo Q, Lin Y, He P, Feng S, Liu J, Ye Q. 2018. Differential
Responses of Stomata and Photosynthesis to Elevated Temperature in Two Co-occurring
Subtropical Forest Tree Species. Frontiers in Plant Science 9: 467.

175

Appendices

Appendix 2. 1: Responses of relativized leaf mass per unit area (Relative LMA) to
warming treatments in tamarack (a) and black spruce (b). Symbol colors represent
temperature treatments: ambient (+0, light pink), +2.25 (pink), +4.5 (orange), +6.75
(red), +9 °C (dark red). Symbol shapes represent measurement months: May
(squares), June (triangles), August (circles). Long-dashed, short-dashed and solid
lines (b) are regression lines for May, June and August, respectively. Means ±
standard error; n=4-6 trees/plot and 2 plots per temperature in May, n=2-4
trees/plot and 2 plots per temperature in June, and n=2-4 trees/plot and 1 plot per
temperature August. In tamarack n=1 tree/plot in one of the +0 plots (see Methods
for details).
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Appendix 2. 2: Responses of relativized stomatal conductance measured at 25 °C
(Relative gs25) to warming treatments in tamarack (a) and black spruce (b). Symbol
colors represent temperature treatments: ambient (+0, light pink), +2.25 (pink),
+4.5 (orange), +6.75 (red), +9 °C (dark red). Symbol shapes represent measurement
months: May (squares), June (triangles), August (circles). Long-dashed, shortdashed and solid lines (b) are regression lines for May, June and August,
respectively. Means ± standard error; n=4-6 trees/plot and 2 plots per temperature
in May, n=2-4 trees/plot and 2 plots per temperature in June, and n=2-4 trees/plot
and 1 plot per temperature August. In tamarack n=1 tree/plot in one of the +0 plots
(see Methods for details).
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Appendix 2. 3: Response of stomatal conductance measured at growth temperature
(gg, mol H2O m-2 s-1) to changes in vapor pressure deficit (VPD, kPa) in tamarack (a)
and black spruce (b). Symbol colors represent leaf temperature ranges: ambient
(+0, light pink), +2.25 (pink), +4.5 (orange), +6.75 (red), +9 °C (dark red). Symbol
shapes represent measurement months: May (squares), June (triangles), August
(circles). Dashed and solid lines (a) are regression lines for June and August,
respectively; solid line (0.05<p) (b) represents the overall linear regression. Means ±
standard error; n=4-6 trees/plot and 2 plots per temperature in May, n=2-4
trees/plot and 2 plots per temperature in June, and n=2-4 trees/plot and 1 plot per
temperature August. In tamarack n=1 tree/plot in one of the +0 plots (see Methods
for details).
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Appendix 2. 4: Relationships between leaf CO2 fluxes, leaf nitrogen and stomatal
conductance. Net CO2 assimilation rate (Ag) and dark respiration rate (Rg)
measured at growth temperatures as a function of leaf nitrogen (a, c, d, f), and Ag as
a function of stomatal conductance measured at growth temperatures (gg; b, e) in
black spruce (a, b, c) and tamarack (d, e, f). Symbol colors represent temperature
treatments: ambient (+0, light pink), +2.25 (pink), +4.5 (orange), +6.75 (red), +9 °C
(dark red). Symbol shapes represent measurement months: May (squares), June
(triangles), August (circles). Long-dashed, short-dashed and solid lines (b, c, d, e, f)
are regression lines for May, June and August, respectively. Means ± standard
error; n=4-6 trees/plot and 2 plots per temperature in May, n=2-4 trees/plot and 2
plots per temperature in June, and n=2-4 trees/plot and 1 plot per temperature
August. In tamarack n=1 tree/plot in one of the +0 plots (see Methods for details).
Appendix 2. 5: The summary of analysis of covariance (ANCOVA) for linear
regressions of relativized leaf mass area (Relative LMA) and relativized stomatal
conductance (Relative gs25) measured at 25 ˚C; stomatal conductance (gsg, mol H2O
m-2 s-1), net CO2 assimilation rate (Ag; µmol m-2 s-1), and dark respiration rate (Rdg,
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µmol m-2 s-1) measured at growth temperature. Bold values indicate p<0.05.

Parameters without statistics in this table were fit with quadratic regression model
in SI Table 2.
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Appendix 2. 6: The summary of analysis of covariance (ANCOVA) for quadratic
regressions of relativized stomatal conductance (Relative gs25) measured at 25 ˚C,
and stomatal conductance (gg, mol H2O m-2 s-1) measured at growth temperature.
VPD, vapor pressure deficit. Bold values indicate p<0.05; italicized values are
0.05<p<0.1.
Black spruce
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Appendix 3. 1: Leaf nitrogen concentration (leaf N%) in (a) tamarack and (b) black
spruce. Colors represent growth temperature (0T = white; 4T = gray; 8T = black),
AC = ambient CO2, EC = elevated CO2. Means ± standard error. Letters on top of
each bar represent group comparisons across growth temperature and CO2
generated from Tukey post hoc test. n = 10.
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Appendix 4. 1: Responses of net CO2 assimilation rates (A) to leaf temperatures in
a,b) tamarack and c,d) black spruce grown under different CO2 and temperature
treatments. Measurements of A were conducted at saturating light intensity and
CO2 of 400 and 800 ppm for a,c) AC and b,d) EC treatments, respectively. Symbol
shapes, colors and lines represent target temperature treatments: ambient (+0,
circle, light pink, solid), +2.25 (square, pink, short-dashed), +4.5 (diamond, orange,
dashed), +6.75 (upright-triangle, red, long-dashed), +9 °C (reversed-triangle, dark
red, dotted). Means ± standard error. n=1-2 trees/plot and 1 plot per temperature
and CO2 combination.

183

Appendix 4. 2: Responses of maximum carboxylation capacity of Rubisco (Vcmax,
µmol m-2 s-1) to leaf temperatures in a,b) tamarack and c,d) black spruce grown
under different CO2 and temperature treatments. Symbol shapes, colors and lines
represent target temperature treatments: ambient (+0, circle, light pink, solid),
+2.25 (square, pink, short-dashed), +4.5 (diamond, orange, dashed), +6.75 (uprighttriangle, red, long-dashed), +9 °C (reversed-triangle, dark red, dotted). Means ±
standard error. n=1-2 trees/plot and 1 plot per temperature and CO2 combination.
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Appendix 4. 3: Responses of maximum rate of electron transport (Jmax, µmol m-2 s-1)
to leaf temperatures in a,b) tamarack and c,d) black spruce grown under different
CO2 and temperature treatments. Symbol shapes, colors and lines represent target
temperature treatments: ambient (+0, circle, light pink, solid), +2.25 (square, pink,
short-dashed), +4.5 (diamond, orange, dashed), +6.75 (upright-triangle, red, longdashed), +9 °C (reversed-triangle, dark red, dotted). Means ± standard error. n=1-2
trees/plot and 1 plot per temperature and CO2 combination.
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Appendix 4. 4: Impact of temperature and CO2 treatments on photosynthetic
capacity in tamarack. Maximum carboxylation capacity of Rubisco (VcmaxN25, µmol
N g-1 s-1); maximum rate of electron transport (JmaxN25, µmol N g-1 s-1) measured at
25 ˚C and normalized on leaf nitrogen. Symbol colors represent temperature
treatments: ambient (+0, light pink), +2.25 (pink), +4.5 (orange), +6.75 (red), +9 °C
(dark red). Symbol shapes represent CO2 treatments: ambient CO2, AC = circle;
elevated CO2, EC = triangle; Lines show regression lines for CO2 treatments or
treatments means (when there is no significant response to the temperature
treatments): AC = solid line, EC = short-dashed line, overall regression for all points
(both AC and EC) = long-dashed (p > 0.1). Means ± standard error. n=1-2 trees/plot
and 1 plot per temperature and CO2 combination.
Appendix 4. 5: Summary report of ANOVA of CO2 and temperature treatments on
leaf respiration, and photosynthetic capacity. Relativized dark respiration (Rd25)
measured at 25 ˚C; maximum carboxylation capacity of Rubisco (VcmaxN25, µmol N
g-1 s-1); maximum electron transport rate (JmaxN25, µmol N g-1 s-1) measured at 25 ˚C
and normalized on leaf nitrogen. Bold numbers represent p-value less than 0.1 (p
<0.1).
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